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Abstract 

Title: AtNOGC1 protein bioelectrode for the determination of stress signalling molecules - Nitric 

Oxide (NO), Carbon Monoxide (CO) and Calcium ion (Ca2+). 

It has been estimated that the world population will reach about 10 billion by the year 2050 and in 

order to accommodate the increased demand of food, the world agricultural production needs to 

rise by 70 % in the year 2030. However, the realisation of the goal in food production is hindered 

by limited arable land caused by urbanisation, salinisation, desertification and environmental 

degradation. Furthermore, abiotic and biotic stresses affect plant growth and development, which 

lead to major crop losses. The long term goal of this study is to improve food security by producing 

genetically engineered agricultural crops that will be tolerant to diverse stresses. This research 

aims at developing stress tolerant crops through the determination of important signalling 

molecules and second messengers, such as nitric oxide (NO), carbon monoxide (CO) and calcium 

ion (Ca2+), which can bind to plant proteins such as AtNOGC1 in order to induce stress tolerance 

in plants. 

AtNOGC1 is a novel plant protein that has been shown to have the guanylyl cyclase (GC) activity 

in vitro in the Arabidopsis sequence within the catalytic centre as well as the heme NO and or 

oxygen (O2) binding domain (H-NOX). Therefore, important signalling molecules and second 

messengers such as NO, CO and Ca2+, that plays major roles in growth and development of plants 

and also in response to abiotic and biotic stresses, were investigated by developing electrochemical 

based biosensors to determine whether they will bind to AtNOGC1 protein bioelectrode. The pET 

SUMO-AtNOGC1 construct was expressed and purified by affinity chromatography under native 

conditions as a ~ 67.7 kDa protein. The purified protein was used to create an electrochemical 

enzyme based biosensor by immobilising the AtNOGC1 protein onto the glassy carbon electrode 
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(GCE) surface. Electrochemistry technique such as cyclic voltammetry (CV) was used as a method 

of choice to determine the binding affinity of AtNOGC1 protein to stress signalling molecules. 

Modification of the GCE surface with crosslinking agents and the AtNOGC1 protein enhanced 

electron transfer in redox reactions. In the presence of O2, there was oxygenation of AtNOGC1 

coupling of the heme group from AtNOGC1-Fe3+ to AtNOGC1-Fe2+ state. However, imidazole 

restored the Fe3+ state of the AtNOGC1 protein through reduction reaction. The mono-oxygenation 

catalytic cycle of AtNOGC1 binding towards NO took place in a reduction reaction at a catalytic 

potential peak of -500 mV (vs Ag/AgCl). Both the Fe3+ and the Fe2+ state of the heme binds to 

CO, since the cathodic peak potential of AtNOGC1- Fe3+/Fe2+ couple in redox reaction of CO 

response as a signalling molecule was in the peak potential range of -400 to -600 mV (vs Ag/AgCl). 

The dynamic linear range of the Ca2+ concentration towards AtNOGC1 binding was determined to 

be from 1 nM to 3 nM. The reaction of Ca2+ on the AtNOGC1/GCE biosensor is an adsorption 

controlled process as it showed excellent stability and reproducibility at the cathodic peak potential 

of -560 mV (vs Ag/AgCl). This study demonstrated that AtNOGC1 protein plays an important role 

as an electron transporter in redox reactions and that AtNOGC1 binds to NO, CO and Ca2+. 

The advantage of biomolecules biosensors such as AtNOGC1 protein bioelectrode, is that they are 

reproducible and can be used to determine the binding of many biological molecules in a short 

reliable period of time. This research aim to pave a way towards the development of stress tolerant 

crops to improve food security in order for the population to have an access to reliable, sufficient, 

affordable and nutritious food. 
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Chapter 1: Literature Review 

1.1 Introduction 

Abiotic and biotic factors are the major stresses that negatively affect agricultural plants globally 

(Dhlamini et al., 2005), consequences of such stresses result in depleted crop production, affected 

economy and hazardous health to the population (Boyer, 1982). Naturally, most plants have 

developed an ability to identify various stresses in such a way that they grow, develop and adapt 

to their environment. It is significant to understand mechanisms of plant’s stress response, in order 

to produce plants that can withstand harsh environmental conditions. Abiotic factors such as high 

and low temperatures, salinity, soil erosion and continued droughts are caused by severe climatic 

change, which causes major crop losses and unstable food supply (Pachauri, 2007). 

When plants respond to environmental stresses, their internal system is suppressed, which causes 

changes in their molecular, biochemical, physiological and morphological structure. 

Consequently, these changes should be balanced in order to obtain good plant growth, 

development and hence high crop yield. It has been reported that plants have multifaceted immune 

response system in which they respond to various biotic stresses such as insects and pathogen 

attack in a hypersensitive manner. Since plants use hypersensitive response (HR) to protect their 

system, any microbiological attack is terminated in a systematic acquired resistance (SAR) 

mechanism (Yu et al., 2014). Plants use signalling molecules and second messengers such as cyclic 

nucleotide monophosphate (cNMP), Calcium ions (Ca2+), Inositol polyphosphates, Nitric Oxide 

(NO), Carbon monoxide (CO) and other small molecules, to respond to signals perceived in their 

cells (Reddy et al., 2011). 
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For decades, it has been a challenge to identify and measure cyclic nucleotide monophosphate 

(cNMP) in plants. But with the aid of scientific techniques that are used in biochemical and 

molecular biology, recent studies discovered the presence of macromolecules such as enzymes, 

which are responsible for the synthesis of cNMP and these include adenylyl cyclase (AC) and 

guanylyl cyclase (GC) (Lemtiri-Chilieh et al., 2011). It was recently reported in the last two years 

that mass spectrometry based measurements, radiolabeled and antibody based immunoassays can 

be applied to measure and analyse cNMP levels in plants (Gross and Durner, 2016). Furthermore, 

fewer genes which are believed to code for nucleotide cyclases (NC’s) have been discovered in 

lower plants, unlike in higher plants. These include; phytosulfokine (PSK) Arabidopsis thaliana 

leucine-rich repeat protein kinase receptor 1 (AtPepR1) (Qi et al., 2010), Arabidopsis thaliana 

guanylate cyclase 1 (AtGC1) (Ludidi and Gehring, 2003), Arabidopsis thaliana brassinosteroid 

receptor (AtBRI1) (Kwezi et al., 2007), Arabidopsis thaliana plant natriuretic peptide receptor 1 

(AtPNP-R1) (Turek and Gehring, 2016) and Arabidopsis thaliana wall associated kinase-like 10 

(AtWAKL10) (Meier et al., 2010). However, none of these GC’s contained a heme binding motif 

that senses NO. Similarly to the existence of cAMP, which has been reported to be synthesised by 

purine nucleotide cyclases in plants remains unclear. Fewer AC’s in higher plants have been 

reported which are responsible for growth and development of the pollen tube; the Zea mays 

pollen-signalling protein (ZmPSiP) (Moutinho et al., 2001); the Arabidopsis thaliana 

pentatricopeptide repeat protein responsible for apoptosis (AtPPR) (Ruzvidzo et al., 2013);also the 

reported Nicotiana benthamiana adenylyl cyclase protein (NbAC;) which causes cell death and 

many diseases such as wildfire disease (Ito et al., 2014); another AC protein known as the 

Hippeastrum hybridum (HpAC1), which is involved in signalling response of plants against abiotic 
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and biotic stresses (Swiezawska et al., 2014) and lastly the potassium uptake modulated in the 

Arabidopsis sequence (AtKUP7) (Al-Younis et al., 2015). 

Mulaudzi et al (2011) identified a GC with a heme binding motif that is annotated as a flavin-

containing monooxygenase (FMO; At1g62580) and shown to synthesise guanosine 3’, 5’ cyclic 

monophosphate (cGMP) from the guanosine triphosphate (GTP) in a 2-fold excess increase upon 

activation by NO (Mulaudzi et al., 2011). Based on its biochemical, electrochemical and structural 

characterisation, this GC was named as Arabidopsis thaliana NO/O2 binding with a GC activity 

(AtNOGC1). Examination of AtNOGC1 also supported the role of NO as an important signalling 

molecule in plants. Nitric oxide is involved in stomatal closure and plant senescence through 

cGMP pathway. It has been reported that NO/cGMP signalling is the main signalling pathway in 

animals that is well understood, but in plants it remains unclear. However, Judoi et al (2013) 

reported that nitrated cGMP derivative 8-nitro-cGMP functions in guard cell signalling and 

triggers stomatal opening and closure. These studies also demonstrated that in the presence of 

reactive oxygen species (ROS) in guard cells, abscisic acid (ABA) and NO induces the synthesis 

of 8-nitro-cGMP. In order to understand these signalling pathways, important second messengers 

that crosslink with NO such as cyclic nucleotide monophosphate (cNMP), carbon monoxide (CO) 

and calcium ions (Ca2+) should be further examined functionally using different scientific 

techniques. 

The HNOX search motif was used again in Arabidopsis to search for another H-NOX candidate 

and discovered the Arabidopsis thaliana diacylglycerol kinase 4 (AtDGK4; At5G57690), which is 

responsible for Ca2+ movement. The Ca2+ movement is modulated by enhancing the 

phosphorylation of diacylglycerol to phosphatidic acid, therefore utilising and discharging Ca2+ 

from intracellular stores. Since the growth of Agapanthus umbellatus is regulated by the cytosolic 
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Ca2+ through phosphoinositides and phosphatidic acid, it is important to study the interaction of 

the AtDGK4 and NO (Monteiro et al., 2005; Potocký et al., 2003). If binding could occur between 

the AtDGK4 and NO it means that there might be a chance that NO may have an uninterrupted 

link towards Ca2+ signalling (Wang et al., 2009). It has been reported that more than 24 000 genes 

have been verified for changes in gene expression when they responded to NO signalling in 

Arabidopsis. Therefore the study showed that several genes may be up-regulated which encodes 

for disease resistance proteins, transcription factors, zinc finger proteins, glutathione S-

transferases and kinases. However in addition to NO-sensing molecules other biosynthetic genes 

such as phytohormones, lignin and alkaloids may have potential in gene expression when they 

respond to NO signalling (Parani et al., 2004). 
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1.2 Cyclic nucleotides monophosphate (cNMP) 

In plants, cyclic nucleotide signalling is essential for the modulation of cation fluxes. Guanylate 

cyclase (GC) and adenylate cyclase (AC) are responsible for the synthesis of cGMP and cAMP 

nucleotide cyclases, respectively (Martinez-Atienza et al., 2007). The effects of cyclic nucleotides 

has been explained clearly through their interaction with membrane transporters as shown in figure 

1.1 (A) and (B). 

Figure 1.1: Generic cyclic nucleotide transduction pathways in mammalian cells showing a role for cyclic 

nucleotide dependent kinases. (A) NO synthesised from NO synthase (NOS) activates GC enzyme and synthesises 

cGMP from GTP which activates protein kinases, ion gated channels and phosphodiesterases. (B) Adenosine cyclase 

(AC) is activated by receptors (R) and G-proteins (Gs) which synthesises cAMP which is also involved in activating 

protein kinases and ion gated channels (Adapted from Martinez-Atienza et al., 2007). 

 

The membrane bound guanylate cyclase (mGC) or the soluble guanylate cyclase (sGC) is activated 

in an NO or G-proteins (Gs) dependent manner by various stimuli perceived in a cell membrane. 

Therefore, the activated GC synthesise increased levels of cellular cGMP, which is either broken 

down by specific phosphodiesterases (PDEs) or can directly activates proteins such as cyclic 

nucleotide gated channels (CNGC). Therefore, the synthesised cGMP activates cGMP-dependent 

B B 
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protein kinase (PKG), which phosphorylate a large number of target proteins (T). Cyclic GMP 

plays its role as a second messenger in a similar manner as cAMP as shown in figure 1.1 (B) 

whereby the receptors (R) and G-proteins (Gs) are also involved in the synthesis of cAMP by 

activating the AC to synthesise the cellular cAMP in an increased level. Cyclic AMP is involved 

in activating cAMP-dependent protein kinases (PKA) which modifies gene transcription through 

binding proteins, CNGC and Rap-GTPases (Martinez-atienza et al., 2007). 

1.2.1 Guanosine 3’, 5’ cyclic monophosphate (cGMP) 

Scientist discovered the guanosine 3’, 5’ cyclic monophosphate (cGMP) in the 1960’s as a second 

messenger in prokaryotes and eukaryotes (Müller, 1997). The synthesis of cGMP is derived from 

guanosine triphosphate (GTP) by the action guanylyl cyclase (GC) enzyme. This second 

messenger is important because it is involved in many signalling cellular responses in plants 

including protein kinase activity, cyclic nucleotide gated ion channels and cGMP regulated cyclic 

nucleotide phosphodiesterases (Denninger and Marletta, 1999). 

In mammals, the role of cGMP has been explored and shown to be important in the following; 

olfactory transduction, assisting with visual adaptation and widening of blood vessels (Pietrobon 

et al., 2011; Vielma et al., 2012; Thoonen et al., 2013). In plants on the other hand, this is still not 

well described (Gross and Durner, 2016). Recently several techniques have been developed in 

order to investigate the endogenous cytoplasmic cGMP levels in vivo, these techniques includes 

the non-invasive fluorescent cGMP biosensor called FlincG (Fluorescent indicator for cGMP) 

(Isner and Maathuis, 2011) and a cGMP responsive promoter which is fused to a luciferase reporter 

gene (Wheeler et al., 2013). Such investigations of cGMP in plants have shown a good relationship 

between the accumulation of cGMP, developmental process and response to abiotic and biotic 

stresses. 
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When a plant is under drought stress, abscisic acid (ABA) hormone is stimulated and activates the 

synthesis of NO (Dubovskaya et al., 2011). Therefore, NO stimulates the NO-dependent GC’s to 

produce high concentrations of cGMP (Dubovskaya et al., 2011). Simultaneously, ABA also 

activates the production of hydrogen peroxide (H2O2), which reacts with NO to produce reactive 

nitrogen species (RNS) (Joudoi et al., 2013). Therefore, the reaction between the RNS and cGMP 

produces 8-Nitro-cGMP, which activates the slow anion channel 1 (SLAC1) and the accumulation 

of cytoplasmic calcium concentration ([Ca2+]cyt) which results in stomatal closure. Similarly, 

during a pathogen attack in plants stomatal closure occurs in a similar manner, except that the NO-

cGMP pathway is activated by the hormone salicylic acid (SA) as shown in figure 1.2 (Hao et al., 

2010). 

Figure 1.2: A schematic diagram of the NO-induced cGMP signalling pathway in plant development, abiotic 

and biotic stress responses. Under drought stress, abscisic acid (ABA) stimulates NO-cGMP mediated response 

which result in stomatal closure to avoid water loss and during pathogen attack in plants salicylic acid and unknown 

molecule also stimulates the NO-cGMP defence response. During plant development two signalling pathways are 

initiated whereby the other pathways involves growth hormone auxin and a second messenger, calcium ion (Ca2+) 

(Adapted from Gross and Durner, 2016). 
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The NO-cGMP signalling pathway is important as it is involved in growth and development of 

pollen tubule and adventitious roots formation. The formation of the adventitious roots is 

stimulated by exogenous and endogenous chemical, N-Acyl-homoserine-lactones (AHLs). AHLs 

are produced by the gram negative bacteria, the rizobacteria and they promote polar auxin 

transport, which activates the NO-cGMP dependent signalling cascade leading to the development 

of adventitious roots (Pagnussat et al., 2003; Hu et al., 2005). 

1.2.2 Adenosine 3’, 5’ cyclic monophosphate (cAMP) 

In bacteria Adenosine 3’, 5’ cyclic monophosphate (cAMP) act primarily as a signalling molecule 

for relaying messages about the state of the metabolic cell by regulating the expression of many 

operons when it interacts with the catabolite gene activator protein (CAP) (Bolwell, 1995). In 

animals, cAMP act as a second messenger because it is involved in many signalling pathways such 

as the regulation of the glycogen and glucose synthesis by a process known as reverse protein 

phosphorylation (Bolwell, 1995). Recently, it has been reported that cAMP is an important second 

messenger and a growth factor in plants. Cyclic AMP is synthesised by the enzyme adenosine 

cyclase (AC) and it has been debated for more than 25 years that AC nor the cAMP does not exist 

in higher plants. It could not be concluded that cAMP exist in plants because it was believed that 

if it existed in plants it would behave in a similar manner as in animals and bacteria (Amrhein, 

1977). Scientist were warned not to conclude because there were findings which opposed the 

existence of cAMP in plants since it was reported that cAMP levels in plants were lower when 

compared to that found in animals. Additionally, the assays that were conducted could not produce 

accurate conclusive evidence that there is a presence of cAMP in plants (Gehring, 2010). 

Several promises have been made that justify the fact that cAMP exist in plants with the help of 

Trewavas (1997), as the author researched and found out that auxin signals were transduced 
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through cAMP and probably through cytosolic Ca2+. The debate about whether plant cells contain 

cAMP was scientifically ended by identifying functional AC and showing that it can mediate the 

actions of the plant hormone auxin (Magyar et al., 1997). The growth-regulating effect of auxin is 

pre-eminent, and the main role of cytokinins is to attenuate this growth. Since, auxin can regulate 

growth in the absence of other growth regulators, cytokinins do so only in the presence of auxin 

as shown in figure 1.3 (Magyar et al., 1997;Trewavas, 1997). 

 

Figure 1.3: Diagram showing the transduction sequences of auxins and cytokinins. Auxin is required for growth 

and it stimulates second messengers Ca2+ and cAMP which activates protein kinases and calcium dependent protein 

kinases (CDPKs), which inhibits the cytokinins to decrease plant growth. The cyi peptide is suggested to join the two 

mitogen-activated protein (MAP) kinase signal-transduction cascades. The diagram includes only some of the known 

transduction information (Trewavas, 1997). 
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1.3 Nitric Oxide (NO) 

1.3.1 NO as a signalling molecule 

Nitric oxide (NO) is a universal diatomic gas that is very important as a regulator of a 

comprehensive array of physiological processes in animal model (Astier and Lindermayr, 2012; 

Martinez-Rutz et al., 2011). Several studies showed that NO production is not restricted to animal 

cells only but also in other kingdoms, such as plants (Astier and Lindermayr, 2012; Besson-Bard 

et al., 2008) and bacteria (Henares et al., 2012). Recent studies showed that NO has been well 

identified in plants in the last decade as well as its role as a signalling molecule is documented. 

NO in plants plays important roles including regulation of cell differentiation, lignification, seed 

germination, primary and lateral roots and shoots development, flowering, fruit ripening, pollen 

tube growth and reorientation, senescence and maturation, stomatal movement, plant-pathogen 

interactions and programmed cell death (Corpas and Barroso, 2015; Planchet and Kaiser, 2006). 

1.3.2 NO generation 

In mammals NO is synthesised by three different isoforms of nitric oxide synthase (NOS) 

(Forstermann and Sessa, 2011). All three NOS isoforms involves L-arginine as a substrate, 

molecular oxygen and nicotinamide-adenine-dinucleotide phosphate (NADPH) as co-substrates. 

Furthermore, flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), and (6R-) 5,6,7,8-

tetrahydrobiopterin (BH4) are required as important cofactors by all isozymes. NOS is induced by 

NOS II to generate large quantity of NO (Forstermann and Sessa, 2011), and can be expressed in 

many cell types in response to lipopolysaccharide, cytokines, or other agents and this process also 

contributes to the pathophysiology of inflammatory diseases and septic shock. However, the large 

amounts of NO produced may have cytostatic effects on parasitic target cells (Forstermann and 
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Sessa, 2011). Haines et al (2012) reported that NO is also produced by endothelial NOS (eNOS), 

which converts L-arginine into L-citrulline and therefore into a final NO product. 

The process of NO generation in plants is still challenging for researchers to understand (Astier 

and Lindermayr, 2012; Frohlich and Durner, 2011; Moreau et al., 2010), since it has been 

demonstrated that its synthesis occurs through non-enzymatic and enzymatic mechanism from 

nitrate (NO3
-), polyamines and L-arginine (Astier and Lindermayr, 2012; Gupta et al., 2011; 

Moreau et al., 2010). The enzymatic synthesis involves NO3
- reduction to nitrite (NO2

-) which is 

catalysed by an NADPH-dependent nitrate reductase (NR), a cytosolic enzyme associated with 

nitrogen assimilation (Domingos et al., 2015; Yamasaki and Sakihama, 2000). Furthermore, in the 

presence of abscisic acid (ABA) and gibberellins (Berridge, 2004), NR reduces NO2
- to NO under 

acidic conditions through mitochondrial electron transport-dependent reductase (Domingos et al., 

2015; Planchet et al., 2005). NO generation process evidently shows that NO is a free radical 

molecule that is endogenously generated in green cells (Corpas, 2015). It has also been reported 

that in plants NO is produced by the photo-conversion of nitric dioxide (NO2) to NO, with the aid 

of carotenoids which reacts with nitrate reductases (NRs) (Garcia-Mata and Lamattina, 2003; 

Rockel et al., 2002) and glycine decarboxylase (Chandok et al., 2003). 

1.3.3 Functions of NO as a signalling molecule 

Nitric Oxide plays an important role as a signalling molecule and as a regulator in plants since it 

influences growth and development, responses to abiotic and biotic stresses. It binds to the heme 

group of the mammalian soluble guanylyl cyclase (sGC), and activates the enzyme to convert GTP 

to a large concentration of cGMP. The heme binding NO and/or O2 (H-NOX) domains contains a 

protein fold which is significantly unique and different from other known heme-binding proteins 

in terms of structure across various species groups ranging from bacteria to animals (Boon and 
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Marletta, 2005). In plants, NO signal transduction pathways which contains GC and other 

enzymatic reactions occurs through cGMP dependent (Berridge, 2004) or none dependent 

mediated processes (Davis et al., 2001; Durzan and Pedroso, 2002) which allows gene expression. 

In addition, when NO interacts with the heme moiety of the sGC, its activity increases and that 

result in an increased cGMP production whereby the NO signal is transferred by sGC to 

downstream components of signalling cascades (Durzan and Pedroso, 2002; Murad, 1999; Pfeiffer 

et al., 1994). NO promotes a better adaptation to stress and increase defence against invading 

pathogens as shown in figure 1.4. 

 

Figure 1.4: Summary of the main functions of NO in different plant physiological and pathological processes 

and its potential biotechnological applications. NO plays an important role in plants as a signalling molecule 

through different mediated pathways in response to abiotic and biotic stresses. Besides being a signalling molecule it 

interacts with some microorganisms enhances their functions. NO also plays a beneficial role in industrial application 

of food as it increases food nutrition (Adapted from Corpas, 2015). 
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1.3.4 NO regulation by second messengers 

When NO is present in large quantities, it is regulated by various second messengers such as 

calcium ion (Ca2+) and mitogen-activated protein kinase (MAPK) (Frohlich and Durner, 2011). 

Futhermore, if NO levels increase in the system, they can affect signalling either directly via 

protein modifications (PTMs) or indirectly via activation of other second messengers like metal 

nitrosylation, S-nitrosylation and 3-nitrotyrosine (Leitner et al., 2009). However, investigations 

made by Gaupels et al., (2011) showed that S-nitrosylation and 3-nitrotyrosine are two NO-

dependent direct PTMs which are involved in plant defence signalling. 

1.3.5 Crosstalk of NO and second messengers 

Nitric oxide diffuses regularly due to its gaseous nature, therefore it does not require a carrier to 

cross membranes and reach intracellular targets. NO falls between reactive oxygen species (ROS) 

and reactive nitrogen species (RNS) (Berridge, 2004). In plants, ROS play various important roles 

including the regulation and division of growth cells in the tips. In addition ROS also play an 

important signalling role in response to abiotic and biotic environmental stimuli and programmed 

cell death (Bailey-Serres and Mittler, 2006). However, high amount of ROS are found in apical 

levels of the Arabidopsis root hairs, which activates Ca2+ channel (Berridge, 2004). During plant 

stress responses, signalling cascades are transmitted mostly by calcium (Ca) molecule which 

brings the insights of Ca2+ cation as an important node at which crosstalk between signalling 

molecules and second messengers pathways occurs (Arimura and Maffei, 2010). 

NO and Ca2+ work simultaneously in plants whereby NO is involved in regulating stomatal 

opening whereas extracellular Ca2+ promotes stomatal closure through Ca2+ oscillations. The 

extracellular and intracellular Ca2+ signal is regulated by Ca2+-sensing receptors (CAS) through an 
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action of NO during salt stress or multiple stress response. NO elongates intracellular Ca2+ 

oscillations and increases the generation of ROS and salicylic acid (SA). NO generation is also 

increased which promotes programmed cell death (PCD) that prevent pathogen attacks to plants 

as shown similarly in figure 1.5 (Gaupels et al., 2011). 

 

Figure 1.5: Map showing crosstalk of NO with second messengers in plants defence responses against pathogen 

attack. NO in plants is stimulated during any stress conditions, when plants are attacked by pathogens NO-dependent 

cAMP is induced through calcium influx in which an awareness of a pathogen present triggers the cNMP production 

by the nucleotide cyclase domain of the receptor. Therefore, cNMPs stimulate a CNGC2-mediated calcium which is 

in transit of the response pathway by producing a calcium-dependent NO and ROS and induce defence of the gene 

expression against pathogen attack (Adapted from Gaupels et al., 2011). 
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1.4 Carbon Monoxide (CO) 

1.4.1 CO production 

Carbon monoxide (CO) is defined as a very low molecular weight diatomic trace gas which is 

significant in the troposphere as a vital regulator for both animal and plant cells. CO has been long 

considered as a poisonous gas, since it is mainly generated by an incomplete combustion of organic 

materials in the atmosphere, as a significant element of tobacco smoke and vehicle exhaust fumes 

as shown in figure 1.6. 

 

Figure 1.6: Schematic representation of CO production from different routes in the environment, animals and 

plants. CO gas (black and red) is produced from the heme in animals and plants which is considered the main source 

of production (Bilban et al., 2008). Therefore, in the atmosphere if there is an incomplete combustion of an organic 

material, pollution of air by smoke from tobacco and motor vehicle exhaust forms CO. Other none heme sources 

which include photo-production taking place in the leaves (Schade et al., 1999), lipid peroxidation occurring in the 

roots, hydrogen peroxide (H2O2), ascorbic acid (AA) (Dulak and Józkowicz, 2003) and ureide metabolism have also 

been recently suggested to generate CO in plants (Zilli et al., 2014; Adapted from Wang and Liao, 2016). 
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Carbon monoxide is also considered toxic when is exposed to humans and animals at high 

concentrations, although at low concentrations it relaxes smooth muscles and lowers the blood 

pressure (Heinemann et al., 2014). Recent investigations indicated that CO is also produced 

through the activity of heme oxygenase (HO) in animals. Following that, the biosynthesis and 

photo-production of CO in living plants was demonstrated by identifying a plastid Arabidopsis 

thaliana heme oxygenase 1 (AtHO1) recombinant protein, which was able to catalyse the 

formation of CO from heme molecules in vitro. It has been reported that HOs are the main 

enzymatic source of CO in plants (Xuan et al., 2008), but investigations by Zilli et al (2014) are 

contrary to the above statement. 

1.4.2 Role of CO in plants as a signalling molecule 

High levels of exogenous CO are toxic in animals and plants, because uncontrolled CO is 

detrimental to normal cell function. Therefore, it is important to control CO levels to an adequate 

level since it plays an important role as an active signalling mediator in many physiological 

processes. In animals, CO plays a vital role in controlling important physiological processes that 

take part in neurotransmission (Boehning et al., 2003), vasodilation (Motterlini, 2007), and platelet 

aggregation (Brüne and Ullrich, 1987). CO gives plants a good advantage as it stimulates growth 

and development under normal or stress conditions by promoting seed germination, root 

development and regulating stomatal closure (Wang and Liao, 2016). 

CO uses catalytically dose-dependent CO donors known as heme aqueous and CO aqueous which 

also promotes physiological processes such as seed germination and regulation of plant root 

development (Liu et al., 2007). Based on these findings CO perform its roles in a similar manner 

as the growth hormone auxin and signalling molecule NO, and this was evidently demonstrated 

by the ability of exogenous CO to promote root elongation in wheat seedlings (Xuan et al., 2007). 
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Additionally exogenous CO also up-regulated NO production by stimulating adventitious root 

formation in seedlings without auxin (Xuan et al., 2012). 

CO plays several roles as a signalling molecule required for inflammatory responses of plants 

against abiotic stresses such as salinity, drought, heavy metals and ultraviolet radiation. One of the 

important roles of signalling molecules is to stimulate plant responses to drought stress through 

controlling the opening and closing the stomata (Cao et al., 2007). Under drought stress it was 

clearly demonstrated that abscisic acid (ABA), a hormome that is responsible for regulating 

stomatal movement increased the levels of CO in Triticum aestivum (Grondin et al., 2015). These 

findings have demonstrated that CO influences stomatal closure in a comparable manner to NO 

(Cao et al., 2007) and H2O2 (She and Song, 2008; Song et al., 2008), whereby vicia faba leaves 

were treated with ABA which increased the HO activity. Carbon monoxide has a similar 

interaction with NO as a signalling molecule in response to external environmental stresses in 

plants, however the biological roles of CO signal transduction in plants remain unkown (Wang 

and Liao, 2016).  
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1.5 Calcium Ion (Ca2+) 

1.5.1 Ca2+ as a signalling molecule 

Calcium (Ca) is a chemical element with an atomic number 20 which is the third most abundant 

metal in nature and has a positive charge of 2, making it an ion. Calcium is an essential element 

needed by living organisms in large quantities and it can also be used in steel making since it has 

strong chemical affinity for oxygen (O2) and sulphur (S). Calcium ion (Ca2+) is an important 

signalling molecule, which is involved in many different signalling transduction pathways (Tuteja 

and Mahajan, 2007), because all living organisms need it for growth, development and responses 

to abiotic and biotic stresses (Dodd et al., 2010). In the kingdom plantae, Ca2+ often form links 

between cells and is it also a requirement for maintaining the stringency of the whole plant (Ranty 

et al., 2006). The vacuoles, endoplasmic reticulum (ER), mitochondria and cell wall are 

responsible for regulating the concentration of Ca2+. Calcium ion concentration in the cell wall and 

vacuoles is measured in millimolar (mM) units and it can be released at any time when is required 

by the cell (Tuteja and Mahajan, 2007). 

1.5.2 Regulation of Ca2+ 

Calcium ion is an intracellular second messenger in plants and an increase in the cytosolic 

concentration of Ca2+ ([Ca2+]cyt) pair a diverse array of signals and responses. In the resting state, 

the Ca2+ signalling system comprises of a receptor and a component that is responsible for [Ca2+]cyt 

regulation. Hetherington and Brownlee (2004) suggested that the Ca2+ signalling system is very 

complicated, because it was previously reported that plant Ca2+ elevations mainly act as switches 

during the signalling process rather than just converting specific information. Since the cell has 

several mechanisms for generating an increase in [Ca2+]cyt, therefore it requires highly complex 
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patterns of regulating it. There are many proteins which respond to any changes in the [Ca2+]cyt 

and these include calmodulin (CaM), Ca2+-dependent protein kinases and CaM-binding proteins. 

Therefore, the involvement of many other intracellular messengers and signalling proteins in the 

regulation of Ca2+ signalling lead to complicated pathway (Hetherington and Brownlee, 2004), 

which might be beneficial for plant  survival under stress conditions. 

Calcium ion has been studied well as a second messenger, and any increase in its cellular levels, 

triggers Ca2+ sensors or Ca2+-binding proteins, resulting in the activation of protein kinases 

(Mahajan and Tuteja, 2005). The activated protein kinases are responsible for phosphorylating 

various proteins, which regulate Ca2+ level. Transcription factors regulate expression level of these 

regulatory proteins by changing their metabolism and phenotypic response thus stimulating a 

better stress tolerance. The phenotypic response of the elevated Ca2+ level depends on the kind of 

stimuli which has been perceived in order to know the kind of genes that should be up or down-

regulated and which ones can lead to the inhibition of growth or cell death. However, if Ca2+ levels 

are high above the physiological levels, they result in the accumulation of toxic cations such as 

aluminum ion (Al3+) and sodium ion (Na+) from the soil. So it is important for Ca2+ levels to be 

regulated, which is taken care of by the presence of none toxic cations such as potassium ion (K+) 

and magnesium ion (Mg2+). Additionally, calcium regulation is also important since its deficiency 

can cause inhibition of plant root development and undesired leaf forms (Tuteja and Mahajan, 

2007). 

1.5.3 Interaction of Ca2+ with other second molecules 

The most commonly known Ca2+ sensor is calmodulin (CaM), which is highly conserved and 

widely distributed in all members of the fungi, protozoa, animal and plant kingdom. CaM contains 

two unique structures in the globular domains, each globular structure contains a pair of EF-hand 
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motifs which is joined together by a central helix and a type of a target protein site as shown in 

figure 1.7. Upon Ca2+ binding to the CaM domains there are certain openings which are observed 

between the α-helices which displays a complementary binding site for CaM to interact with other 

various target proteins. Therefore, the target enzymes are recognised easily when the terminal helix 

has been untwisted by the effector protein, which interacts with both the C and N terminal domains 

(Haeseleer et al., 2002). 

 
Figure 1.7: A ribbon representation of the typical EF-hand motif of Ca2+-binding proteins. Ca2+ (Pink) is bound 

to six oxygen atoms (red) of the EF-hand which is involved in the direction of the Ca2+. The carbonyl oxygen atoms 

(1, 3 and 5) arrange straight direction and carbonyl oxygen atoms (7 and 12) arrange indirect direction through Ca2+ 

backbone (Adapted from Haeseleer et al., 2002). 

 

The interaction of the Ca2+ with other second messengers is through the coordination of two 

oxygen atoms of amino acids side chains such as glutamic acid and aspartic acid. The natural 

chemical structure of the Ca2+ is regarded as the largest of the 2+ ions group and it allows 

maximum interaction with other second messengers and other divalent metal ions. Since Ca2+ is 

regarded as the largest 2+ ions group, it incorporates a large number of unique sequences in the 
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EF-hand motif. The structure of the loop is strengthened by two specifically oriented helices on 

the ends of the EF-hand motif that differs from the β-strand domain which is known as the C2 

domains. However at the C2 domains, the loops are fixed together by the β-stand structure and 

Ca2+ is further stabilised by phospholipids. Furthermore, it is believed that Ca2+-binding proteins 

are closely related to the CaM superfamily which is known as the guanylate cyclase-activating 

proteins (GCAPs). These GCAPs are mostly involved in the regulation of photoreceptor guanylate 

cyclase (GC) and CaM is responsible for activating the cell through cellular responses as an effect 

of high [Ca2+] elevation (Haeseleer et al., 2002). 

1.5.4 Role of Ca2+ in response to plant stress 

It has been long studied that Ca2+ plays an important role as a nutrient component in animals and 

plants and as a main ion in maintaining the structural rigidity of the cell wall and membrane (Ranty 

et al., 2006). The role of Ca2+ as a significant messenger in stimulating plant responses to various 

abiotic and biotic stress signals is well documented (Hepler, 2005). Previous evidence from 

Clapharm (1995) shows that Ca2+ is used by animals and plants as a second messenger more than 

any other studied and discovered second messengers, since nearly all stimulated signals including 

developmental, hormonal and stress have an effect on the cellular Ca2+ (Berridge, 2004). In plants, 

calcium is needed for growth and development of the meristematic root and shoot tip which divides 

by mitosis. Thus, in the anaphase stage Ca2+ participate in the formation of microtubules which 

are important for the movement of chromosomes. Ca2+ is also required for pollen tube growth and 

elongation where it strengthen the cell wall and membrane by accumulating large amounts of 

calcium pectate which binds the cells together. Since Ca2+ act as a divalent cation in the cell wall 

and membrane, it is required as a counter ion for inorganic and organic anions in other cellular 

organelles such as vacuoles and cytosol. Ca2+ also minimises the damage which is caused by high 
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salt content and therefore reduces salinity stress (Tuteja and Mahajan, 2007). It does this by 

activating the salt overlay sensitive signalling pathway, which result in well maintained ion 

homeostasis. Calcium ion maintains ion homeostasis in the cytoplasm salt overly sensitive (SOS) 

stress signalling pathway by activating a salt stress signalling SOS2, as an amino acid coupled 

kinase of serine/threonine (Liu and Zhu, 1998). The SOS signalling pathway consist of three SOS 

important proteins; the SOS3, a calcium binding protein which is responsible for sensing any 

increase in [Ca2+]cyt (Zhu et al., 1998). Calcium ion binding to SOS3 is important because, it 

prepares a good environment for SOS3 to bind and activate SOS2, a serine/threonine protein 

kinase. Lastly, SOS1 is a NA+/H+ antiporter, which is activated by the SOS3-SOS2 complex, this 

results in the extrusion of excess Na+ from the cytoplasm (Shi et al., 2000). 

1.5.5 Ca2+ transporters in cellular membranes 

There are two different Ca2+ transporters which are required for maintaining a balanced cytosolic 

Ca2+ concentration ([Ca2+]cyt) after a signalling event has occurred: These include the high affinity 

Ca2+-ATPases with low transport capacity and the low affinity H+/Ca2+-antiporters with high 

transport capacity for Ca2+ transport (Hirschi et al., 1996). When there is a response against any 

stress in plants, the [Ca2+]cyt eventually increases and result in an elevated [Ca2+]cyt which is caused 

by the Ca2+ influx into the cytosol. The source of the Ca2+ is not well defined, as to whether is 

directly from the apoplast or it enters the cytoplasm through the plasma membrane of other cell 

organelles. When Ca2+ concentration is high in the cytosol, it is rapidly dispersed through a 

mechanism which opens Ca2+, before they can be closed. An increase in [Ca2+]cyt  may lead to the 

production of inositol triphosphate (IP3), which is well known second messenger responsible for 

transferring chemical signals received by the cell. IP3 also play a role in rapidly activating a relay 

of Ca2+ channels (Trewavas, 1999; Drøbak and Watkins, 2000). Since plant tissues are not only 

 

 

 

 

http://etd.uwc.ac.za



 

23 
 

affected by an increased [Ca2+]cyt, due to repeated increase in [Ca2+]cyt, cells forms a cellular 

memory, which helps cells to respond better to any stress without disturbing the normal Ca2+ levels 

and maintaining cellular [Ca2+]cyt homeostasis (Tuteja and Mahajan, 2007). 
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1.6 Electrochemistry 

Electrochemistry involves any study of chemical processes that could be responsible for the 

movement of electrons and this movement of electrons is called electricity, which can be generated 

by movements of electrons from one element to another in an oxidation-reduction (redox) reaction 

(Marcus, 1964). An electrochemical system is not homogeneous but it is heterogeneous and is 

constituted by a very large field, which includes electro-analysis, sensors, energy storage devices, 

energy conversion devices, corrosion, electro-synthesis, and metal electroplating (Dayton et al., 

1980). The use of electrochemistry in the study of redox-active biomolecules has become 

increasingly widespread among chemical and biological scientists within the last three decades. 

Direct electrochemistry of redox proteins immobilised on different electrodes has recently 

attracted great attention. These methods have been reported to provide a suitable required model 

for understanding the electron transfer mechanisms in biological systems and to establish a 

foundation for the production of electrochemical biosensors and devices (Feng et al., 2005). 

Recently there have been successful approaches that have included cast films of redox proteins or 

enzymes with different materials and membranes. Therefore, by achieving a great sensitive and 

accurate direct electron transfer between redox proteins or enzymes and electrodes simplifies the 

studies and application of these devices, which has a great significance in preparing the third 

generation of biosensors (Hong et al., 2013). 

Recent studies of redox active biomolecules such as proteins or enzymes from native chemical 

sensors have been improved. Since the behaviour of chemical sensors are used in the investigations 

of biomolecules, therefore biomolecules are immobilised on the electrode surfaces as biosensors. 

Nowadays these biosensors are implemented in different important sectors such as in health care 

practices, biotechnology research, industries, environmental monitoring, defence and security. 
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Scientists takes advantage of using enzymes in electrochemistry to create a biosensor, because 

enzymes display a specific binding due to their catalytic activity in nature for a better bio-

recognition and quantification (Ashe et al., 2007). 

1.6.1 Electrochemical biosensors  

A biosensor is a device, which consist of a biological molecule that is directly interfaced to a 

sensitive transducer, such as an electrode. This combination measures the response of an analyte 

or a group of analytes depending on their concentration. It has been stated that the use of suitable 

biosensors would be a very good advantage since biosensors are generally made in a very small 

portable size and therefore, they can be easily stored (Iwuoha et al., 1998). Furthermore, the 

authors added that biosensors are capable of making continuous measurements as they are easily 

reusable and they can measure analytes faster and at a lower cost than complicated time consuming 

traditional methods (Iwuoha et al., 1998). 

1.6.2 Voltammetry techniques applied in electrochemistry  

Voltammetry is a technique used to investigate the electrolysis mechanisms of different molecules 

by using analytical methods to measure and quantify electron movements in a redox reaction. 

Voltammetry techniques measure current taking into consideration applied time, under conditions 

that favours polarization in an electrochemical cell. There is wide variety of voltammetric 

techniques, namely; potential step voltammetry (PSV), linear sweep voltammetry (LSV), 

hydrodynamic voltammetry (HV), cyclic voltammetry (CV), and square-wave voltammetry 

(SWV). Voltammetric techniques differ in their application because they use different unique 

waveforms. These waveforms are acquired in an electrochemical cell in a process whereby a 
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voltage or series of voltages are applied to the electrode and the corresponding current that flows 

is monitored as a redox reaction (Andrienko, 2008). 

1.6.2.1 Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) is one of the technique that utilises potentio-dynamic electrochemical 

measurements and that makes it the most widely used technique, because it acquires qualitative 

information about complex elements, compounds and molecules through electrochemical 

reactions. CV was used to study the biosynthetic reaction pathways in which they showed to 

generate free radicals electrochemically (Mabbott, 1983). Since then there have been several 

studies that have been reported about an increasing number of inorganic chemist whereby they 

applied CV to investigate the properties of ligands on the redox potential upon binding. In addition, 

they further assessed the complexity of the metal ion and other multinuclear clusters of ligands. 

Therefore, the overall studies opened doors for different approaches such as in solar energy 

conversion and in model studies of enzymatic catalysis (Mabbott, 1983). 

The operating process of CV is a potential-controlled reversible experiment in a circular direction, 

whereby the initial electric potential is scanned before turning to the reverse direction after 

reaching the final potential and then it scans back to the initial potential. CV technique is 

considered as a very important analytical characterisation in the field of electrochemistry, because 

various processes that include electron transfer can be studied from the investigation of catalytic 

reactions, analysing of complex compounds by stoichiometry and determination of the 

photovoltaic materials band gap. The other advantage of CV is that it offers a rapid location of 

redox potentials of the electroactive species that is being investigated. 
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1.6.3 The electrochemistry of heme binding proteins 

Proteins can naturally bind to target molecules with a high binding affinity in a selective sensitive 

manner, they can be used as sensing biomolecules in electrochemistry due to their natural binding 

and sensing property (Das et al., 2006). Therefore, there is no need to add any reagents to facilitate 

the naturally occurring binding property of proteins in which mostly they bind through ligand-

substrate mechanism. Molecular and electrochemical studies reported that heme proteins can 

perform a variety of electrochemical functions because the heme co-factor is often used as an 

electron transport that facilitate redox chemistry, for example it can function in the detoxification 

processes (Fufezan et al., 2008). 

1.7 Research hypothesis 

In order to determine the binding affinity of the AtNOGC1 protein bioelectrode to stress signalling 

molecules; NO, CO and Ca2+, the following hypothesis was proposed: Different signalling 

molecules for responsive against abiotic and biotic stresses in plant will bind to the Arabidopsis 

plant protein, AtNOGC1 for conferring stress tolerant in plants. 

1.8 Aim of the study 

The AtNOGC1 was successfully characterised as a novel Arabidopsis thaliana signalling protein, 

which is made up of the H-NOX and the GC motif, that are responsible for sensing NO/O2 and the 

synthesis of cGMP. NO is an important signalling molecule in plants since it is involved in many 

signalling responses when plants are under abiotic and biotic stresses. However, other signalling 

molecules and second messengers such as CO and Ca2+ have also been reported to be involved in 

similar signalling responses as NO. In order to generate stress tolerant crops, signalling pathways 

that involves novel proteins need to be understood. In this study, molecular biology techniques 
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were used to express and purify AtNOGC1, followed by characterising its ability to bind different 

signalling molecules including NO, CO and Ca2+ by using electrochemical techniques. The aim of 

this study was to determine the binding affinities of AtNOGC1 to these signalling molecules NO, 

CO and Ca2+, and this was achieved by the following objectives: 

i. To recombinantly express and purify AtNOGC1 protein by affinity chromatography. 

ii. To prepare a biosensor, using the recombinant AtNOGC1. 

iii. To determine the bioelectrode binding of AtNOGC1 protein based biosensor to NO, CO 

and Ca2+ using cyclic voltammetry. 
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Chapter 2: Materials and Methods 

2.1 Stock solutions, buffers and reagents 

All buffers and solutions were prepared at the University of the Western Cape at the life sciences 

building (Molecular Sciences and Biochemistry Laboratory) and chemical sciences building 

(SensorLab). All the chemicals, reagents and instruments used in this study were purchased from 

Merck-Sigma Aldrich, ThemoScientific, Fermentas, BioRAD, Inqaba Biotech, BMG Labtech 

unless otherwise stated in the main text. 

2x SDS sample buffer: 4 % SDS, 0.125 M Tris pH 6.8, 15 % glycerol and 1 mg/mL Bromophenol 

Blue. Stored at -20 ⁰C. 0.2 M DTT was added to the buffer immediately prior to use. 

APS (Ammonium persulphate): 10 % APS stock solution was prepared by dissolving 100 mg in 

1 mL distilled water (dH2O) and stored at -20 ⁰C. 

BSA (Bovine serum albumin): 2 mg/mL BSA stock solution was prepared by dissolving 2 mg 

BSA into 2 mL dH2O. The solution was stored at 4 ⁰C wrapped in aluminum foil. 

Ca2+ (Calcium ion): 1 mM Ca2+ stock solution was prepared by dissolving 1.11 mg calcium 

chloride (CaCl2) into 10 mL dH2O and stored at room temperature. 

Coomassie staining solution: 250 mg Coomassie Brilliant Blue R-250 dye, 45 % methanol and 

10 % acetic acid. 

DDAB (Didodecyldimethylammonium bromide): 10 mM DDAB stock solution was prepared 

by dissolving 4.63 mg DDAB into 1 mL dH2O. The solution was sonicated for 8 hours and stored 

at 4 °C. 
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Destaining solution: 40 % methanol and 10 % glacial acetic acid, was added to dH2O to a final 

volume of 1000 mL. 

DTT (DL-dithiothreitol): 1 M DTT stock solution was prepared by dissolving 1.5 g DTT into 10 

mL dH2O. The solution was stored at - 20 °C as 1 mL aliquots (wrapped in aluminum foil). 

Glucose: 20 % glucose stock solution was prepared by dissolving 2 g glucose (D + glucose, 

#200114) into 10 mL dH2O, the solution was filter sterilised and stored at -20 ⁰C. 

Glutaraldehyde: 2.5 % glutaraldehyde working solution was prepared by diluting 50 % 

glutaraldehyde in 1 mL dH2O and the solution was stored at 4 ⁰C. 

HNO3 (Nitric acid): 5 M HNO3 working solution was prepared by diluting 70 % HNO3 into 10 

mL dH2O. 

Imidazole: 1 M imidazole stock solution was prepared by dissolving 17.02 g imidazole into 250 

mL dH2O and stored at room temperature covered with aluminum foil. 

IPTG (Isopropyl-1-thio-D-galactoside): 0.1 M IPTG stock solution was prepared by dissolving 

1.19 g IPTG into 10 mL dH2O. The solution was filter sterilised and stored at -20 ⁰C as 1 mL 

aliquots. 

Kanamycin: 50 mg/mL kanamycin stock solution was prepared by dissolving 0.5 g kanamycin 

into 10 mL dH2O, filter sterilised and stored at -20 ⁰C as 1 mL aliquots. 

Luria Agar: 10 g peptone, 5 g yeast extract, 5 g NaCl, and 12 g agar, was made up to 1000 mL 

with dH2O and autoclaved. 

Luria Broth: 10 g peptone, 5 g yeast extract and 5 g NaCl, was made up to 1000 mL with dH2O 

and autoclaved. 
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Lysis Buffer: 0.001 M PMSF, 100 µg/mL lysozyme, 1x DNAse I reaction buffer, 0.5 U/µL 

DNAse l, RNAse free, 0.1 % Triton X-100, 0.001 M DTT and 1x protease inhibitor cocktail and 

was made up to 10 mL with 0.1 M Sodium Phosphate Buffer Solution (0.05 M Na Phosphate 

buffer, 0.3 M NaCl and 0.04 M imidazole; pH 8.0). 

Lysozyme: 100 mg/mL lysozyme stock solution was prepared by dissolving 10 g lysozyme into 

10 mL dH2O and stored at -20 ⁰C as 1 mL aliquots. 

NaCl (Sodium Chloride): 2 M NaCl stock solution was prepared by dissolving 29.2 g NaCl into 

250 mL dH2O and stored at room temperature. 

NaH2PO4 (mono-basic): 0.2 M NaH2PO4 stock solution was prepared by dissolving 0.24 g 

NaH2PO4 into 10 mL dH2O and stored at room temperature. 

Na2HPO4 (di-basic): 0.2 M Na2HPO4 stock solution was prepared by dissolving 2.84 g Na2HPO4 

into 100 mL dH2O and stored at room temperature. 

Na (sodium) Phosphate buffer: 0.1 M Na Phosphate buffer stock solution was prepared from 

mixing 0.2 M NaH2PO4 and 0.2 M Na2HPO4 with dH2O to a final volume of 200 mL. 

NaOH (Sodium hydroxide): 5 M NaOH working solution was prepared by dissolving 100 mg 

NaOH into 10 mL dH2O. 

PMSF (Phenylmethylsulfonyl fluoride): 0.1 M PMSF stock solution was prepared by dissolving 

0.17 g PMSF into pure 10 mL isopropanol and stored at -20 ⁰C as 1 mL aliquots. 

SDS (Sodium dodecyl sulfate): 10 % SDS stock solution was prepared by dissolving 10 g SDS 

into 100 mL dH2O and stored at room temperature. 
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TFB1 (Transfer Buffer 1): 0.03 M potassium acetate, 0.05 M manganese chloride, 0.1 M 

potassium chloride, 0.01 M calcium chloride and 15 % glycerol was made up with 250 mL dH2O 

and stored at 4 ⁰C. 

TFB2 (Transfer Buffer 2): 0.009 M sodium 3-(N-morpholino) propanesulfonic acid (MOPS), 0.1 

M potassium chloride, 0.05 M calcium chloride and 15 % glycerol was made up with 250 mL 

dH2O and stored at 4 ⁰C. 

Tris: 1.5 M Tris stock solution was prepared by dissolving 181.65 g Tris into 1000 mL dH2O. The 

pH was adjusted to 8.8 and stored at room temperature. 

Tris: 0.5 M Tris stock solution was prepared by dissolving 181.65 g Tris into 1000 mL dH2O. The 

pH was adjusted to 6.8 and stored at 4 ⁰C. 

TYM Broth: 10 g peptone, 5 g yeast extract, 5 g NaCl, 0.2 % glucose and 0.01 M magnesium 

chloride, was made up with 1000 mL dH2O and autoclaved. 
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2.2 Molecular Biology: Preparation of the recombinant AtNOGC1 protein 

2.2.1 Preparation of competent E.coli cells for transformation 

All glassware’s were washed with 10 % bleach and rinsed with distilled water (dH2O), followed 

by washing with 10 % sodium hydroxide (NaOH) aqueous solution and autoclaved at 125 ⁰C for 

20 minutes. About 50 µL glycerol stock of the competent cells were inoculated into 10 mL TYM 

broth and incubated at 37 ⁰C with shaking at 150 rpm overnight. The following day, 3 mL of cells 

were scaled up to 100 mL with TYM broth and allowed to grow at 37 ⁰C with shaking at 150 rpm 

until the optical density (OD)550 nm reached 0.2. The cell culture was scaled up to 400 mL with 

TYM broth under the same conditions until OD550 nm reached 0.5. Therefore, cells were chilled on 

ice and centrifuged at 4 300 rcf for 10 minutes. The supernatant was discarded and cells were re-

suspended in 50 mL transfer buffer 1 (TFB1) and allowed to incubate on ice for 30 minutes. Cells 

were recovered by centrifugation at 4 300 rcf for 10 minutes and the supernatant was discarded 

followed by re-suspending the pellet with 30 mL transfer buffer 2 (TFB2). Cells were frozen with 

liquid nitrogen as aliquots of 100 µL and stored at -80 ⁰C. 

2.2.2 Transformation of the recombinant pET SUMO-AtNOGC1 plasmid into E.coli competent 

cells 

The pET SUMO-AtNOGC1 plasmid was received from Dr T. Mulaudzi-Masuku (Molecular 

Sciences and Biochemistry Laboratory; Department of Biotechnology, University of the Western 

Cape). The E.coli competent cells and autoclaved 1.5 mL eppendorf tubes were chilled on ice. 

About 100 ng/µL of the pET SUMO-AtNOGC1 plasmid was added into 50 µL of competent cells 

and mixed by gentle tapping. Cells were incubated on ice for 30 minutes, followed by heat 

shocking at 42 ⁰C for 45 seconds and then incubated on ice for 2 minutes. Pre-warmed 450 µL LB 
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was added to the cells and incubated at 37 ⁰C with shaking at 150 rpm for 1 hour. About 100 µL 

of the cell culture was plated on LB agar plates containing 50 µg/mL kanamycin and incubated at 

37 ⁰C overnight (~16 hours). The XL-GOLD strain was used for propagation and the BL-21 

CodonPlus strain was used for expression. 

2.2.3 Plasmid DNA isolation 

Small scale plasmid DNA isolation was performed using the alkaline method (Birnboim and Doly, 

1979). A single colony from the XL-GOLD plate was inoculated into 10 mL LB which contained 

50 µg/mL kanamycin and incubated at 37 ⁰C with shaking at 150 rpm overnight. From the 

overnight culture 900 µL was mixed with 100 µL of 100 % glycerol and stored at -80 ⁰C. The 

remaining 5 mL culture was centrifuged at 4 300 rcf for 10 minutes and the supernatant was 

discarded. The plasmid DNA isolation was performed according to the manufacturer’s instructions 

using the GeneJET plasmid Miniprep kit (Fermentas, Cat# K0503, EU). The concentration of the 

pET SUMO-AtNOGC1 plasmid was determined using the nanodrop 2000 spectrophotometer 

(Thermo Scientific, USA). 

2.2.4 Expression of the recombinant protein 

A single colony from the BL-21 CodonPlus plate was inoculated into 5 mL LB containing 50 

µg/mL kanamycin and 0.2 % glucose, the culture was incubated at 37 ⁰C with shaking at 150 rpm. 

After 7 hours the culture was scaled up to 150 mL with LB containing the same concentration of 

kanamycin and glucose, followed by incubation at 37 ⁰C with shaking at 150 rpm overnight. The 

following morning, the overnight culture was scaled up to 1 500 mL with LB containing the same 

concentration of kanamycin and glucose, the large scale culture was incubated at 37 ⁰C with 

shaking until the OD600 nm reached 0.5. From the same culture, about 10 mL was removed as an 

 

 

 

 

http://etd.uwc.ac.za



 

35 
 

un-induced culture and the remaining culture was induced by the addition of Isopropyl-1-thio-D-

galactoside (IPTG) to a final concentration of 2 mM. The expression was induced at 30 ⁰C with 

shaking for 2.5 hours. Both the induced and un-induced cultures were centrifuged at 4 300 rcf for 

10 minutes at 4 ⁰C, and the pellet was stored at -20 ⁰C until further use. 

2.2.5 Preparation of the cleared lysate under native conditions 

The pellet was thawed on ice and re-suspended with 5 mL of the lysis buffer followed by 

incubation on ice with shaking at 100 rpm for 1 hour. The lysed solution was sonicated for 4 

minutes (30 seconds on and 30 seconds off rotational) followed by centrifugation at 4 300 rcf for 

30 minutes. The lysate was collected and stored at 4 ⁰C. 

2.2.6 Purification of the 6xHis-tagged recombinant protein by affinity chromatography 

Purification of the 6xHis SUMO-AtNOGC1 protein was performed under native conditions by the 

use of affinity chromatography. The column matrix comprised of Ni-NTA system with 50 % of 

His-Nickel select beads which is an immobilised metal-affinity chromatography (IMAC). A 

volume of 5 mL of the column resin was prepared and washed with 5 column volume (CV) of 

dH2O. The column was equilibrated by adding 5 CV of the binding buffer (0.05 M Na Phosphate 

buffer, 0.3 M NaCl and 0.04 M imidazole; pH 8.0), followed by the addition of 6 mL lysate and 

the column was allowed to incubate for few minutes before collecting the flow through. The 

column was washed with 2 CV of wash buffer 1-4 (wash 1: 0.05 M Na Phosphate buffer and 0.3 

M NaCl; wash 2: 0.05 M Na Phosphate buffer, 0.3 M NaCl, 0.005 M imidazole; wash 3: 0.05 M 

Na Phosphate buffer, 0.3 M NaCl, 0.02 M imidazole; wash 4: 0.05 M Na Phosphate buffer, 0.3 M 

NaCl, 0.04 M imidazole; pH 8.0) and the flow through was collected. The protein was eluted by 2 

CV of elution buffer (0.05 M Na Phosphate buffer, 0.3 M NaCl, 0.25 M imidazole; pH 8.0) and 
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the eluate was collected. The column matrix was washed with 2 CV of 2 M NaCl and was stored 

in 10 mL of 20 % Ethanol at 4 ⁰C. Samples collected for each step were stored at 4 ⁰C. 

Table 2.1: Preparation of 12 % SDS-PAGE for analysing recombinant proteins 

Components 12 % Separating gel 5 % Stacking gel 

30 % acrylamide 2.4 mL 0.7 mL 

1.5 M Tris (pH 8.8) 2 mL 0 mL 

0.5 M Tris (pH 6.8) 0 mL 1.5 mL 

10 % SDS 0.08 mL 0.05 mL 

10 % APS 0.08 mL 0.05 mL 

dH2O 3.4 mL 2.9 mL 

Tetramethylethylenediamine (TEMED) 0.008 mL 0.005 mL 

 

2.2.7 Set up of the gel plates 

The surface of the gel plates were cleaned with 70 % ethanol and wiped with paper towel. The 

glass plates were then assembled and locked into green clips (BioRad Laboratories Inc, USA). 

Both the 5 % stacking and 12 % separating gels were prepared according to the set up shown in 

Table 2.1. The separating gel was added by gently pipetting from side to side to fill the plates. Pure 

isopropanol was added to level the separating gel layer and the gel was allowed to solidify (~30 

minutes) at room temperature. When the separating gel had solidified, isopropanol was discarded 

and the gel plate rinsed with dH2O followed by adding the stacking gel. The comb was inserted 
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gently to avoid bubbles and the gel was allowed to solidify for ~30 minutes at room temperature. 

The gels were immersed in 1x SDS running buffer. 

2.2.8 Running SDS-PAGE 

To run the SDS-PAGE 2x SDS sample buffer and 250 kDa unstained protein marker (Thermo 

Scientific, Cat# 26614) were thawed on ice. About 15 µL of the samples to be analysed on the 

SDS-PAGE were mixed with 10 µL of 2x SDS sample buffer and boiled at 95 ⁰C for 5 minutes. 

About 20 µL of the mixture was loaded on adjacent lanes. The dye mixture was electrophoresed 

at 80 V from the stacking gel and then the voltage was increased to a constant 100 V until the dye 

reached the bottom of the gel. The gel was stained with the coommasie staining solution overnight 

and de-stained the following day using destaining solution until the bands were visible. 

2.2.9 Determination of the recombinant protein concentration by Bradford assay 

Bovine Serum Albumin (BSA) concentrations ranging from 2.5-25 µg/mL were prepared from 2 

mg/mL stock solution to act as standards. The 1x dye reagent (Sigma, Cat# SLBP3810V) was 

removed from 4 °C storage and allowed to warm to ambient temperature. The 1x dye reagent was 

inverted a few times before use. The dilutions for measuring the standards were performed in 

triplicates, using 0.1 M PBS (0.05 M Na Phosphate buffer, 0.3 M NaCl, 0.25 M imidazole; pH 8.0) 

as a diluent. Protein solutions were also assayed in triplicate and 2 dilutions of 1:50 and 1:1000 

were prepared. A blank sample was prepared with dH2O and dye reagent. About 5 µL of the 

samples were pipetted into a separate clean 96 well microplate. A total volume of 250 µL 1x dye 

reagent was added to each microplate well and mixed. The absorbance of the standards and 

unknown samples were measured at 595 nm using multi-detection spectrophotometer (FLUOstar 

OPTIMA; BMG LABTECH, Germany, 2010). The calculations of the average triplicate were 
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performed and the standard curve was plotted from the average absorbance values against the 

concentrations using Microsoft Excel 2013 software (Microsoft office 2013, Windows 8). 

2.2.10 Concentrating the recombinant protein 

For downstream analyses of the recombinantly expressed and purified protein, about 5 mL of the 

cleared lysate was centrifuged at 4 300 rcf for 6 hours in a 3K molecular weight cutoff (MWCO) 

ultrafiltration centrifugal tube (Amicor® ultra centrifugal filters, Cat# UFC200324). The 

concentrated protein sample was collected and stored at 4 ⁰C. 

  

 

 

 

 

http://etd.uwc.ac.za

http://www.merckmillipore.com/ZA/en/product/Amicon-Ultra-2-Centrifugal-Filter-Unit-with-Ultracel-3-membrane,MM_NF-UFC200324


 

39 
 

2.3 Electrochemical preparation of AtNOGC1 protein bioelectrode as a 

biosensor for binding NO, CO and Ca2+ 

2.3.1 Cleaning the glassy carbon electrode (GCE) 

The glassy carbon electrode (GCE) (Bioanalytical System Inc., USA) with an area of 0.071 cm2 

was polished using different concentrations of micro-polish alumina (Buehler, USA) powder 

slurry from 1.0 µM for 5 minutes, 0.5 µM for 15 minutes and 0.03 µM for 20 minutes then rinsed 

with dH2O. The previously polished GCE was sonicated in 95 % absolute ethanol and dH2O for 

10 minutes followed by drying out with argon gas. 

2.3.2 Immobilising the recombinant AtNOGC1 on the GCE surface 

The previously purified and concentrated AtNOGC1 protein was immobilised on the GCE surface 

using the method described by Iwuoha et al., (1998). About 4.63 mg of 

Didodecyldimethylammonium bromide (DDAB) was dissolved into 1 mL of dH2O and the 

solution was sonicated for 8 hours. Then 10 µL of the sonicated DDAB solution was mixed with 

2 mg BSA to make solution A. An AtNOGC1 (3.1 mg/mL) dilution of 1:100 was made and 10 µL 

of AtNOGC1 (0.01 mg/mL) was mixed with 10 µL of solution A to make solution B. Solution C 

was prepared by mixing 5 µL of 2.5 % glutaraldehyde with 10 µL of solution B. Then 5 µL of 

solution C was drop coated on the GCE surface and the immobilised DDAB/BSA-AtNOGC1/GCE 

was stored at 4 ⁰C overnight before it was used. 

2.3.3 Electrochemical cell set up 

Three electrochemical cell system was used; the working electrode (GCE), counter electrode 

(platinum wire) and the reference electrode (Ag/AgCl). The BASi Epsilon system (Bioanalytical 
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System Inc., USA) was used to conduct the electrochemical experiments at room temperature. 

Ag/AgCl was stored in 3 M NaCl and the bare GCE with immobilised DDAB/BSA-

AtNOGC1/GCE was rinsed with dH2O before use. The platinum wire was first rinsed with acetone 

and then rinsed with dH2O before use. Different conducting wires from the BASi epsilon system 

were connected to different electrodes (red wire was connected to the counter electrode, black wire 

connected to the working electrode and the white wire was connected to the reference electrode). 

The electrochemical cell was filled with 10 mL of Phosphate buffer saline (PBS) of pH 8.0. The 

argon gas was used to remove excess O2 from the solution by purging for more than 30 minutes 

and the argon blanket was kept on a surface to stabilise an anaerobic conditions. 

2.3.4 Preparation of analytes 

2.3.4.1 Production of NO gas 

The NO gas was produced in the laboratory according to the method of Mori and Bertotti (2000). 

The reaction was achieved by adding droplets of 5 M nitric acid (HNO3) into 10 g copper (Cu) 

chips while stirring in the presence of a continuous argon gas. The presence of the argon gas was 

to avoid the formation of toxic nitric dioxide (NO2) gas which produces a brownish smoke and a 

blue solution. The NO gas was produced by the indication of the green colour solution as shown 

in figure 2.1 (B) and it was trapped in a 5 M sodium hydroxide (NaOH) solution. The final 

produced NO gas was collected in a 10 mL PBS (pH 8.0). The reaction was conducted in the fume 

hood as shown in figure 2.1 (A). 
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Figure 2.1: Schematic representation of the apparatus used for the production of NO gas in the fume hood. (A) 

NO gas was produced in the fume hood by reacting droplets of 5 M HNO3 with 10 g Cu chips under a continuous flow 

of argon gas into the reaction solution. When the solution turned into a green colour, the colourless NO gas was 

produced and trapped into 5 M NaOH. The NO gas was collected in 10 mL PBS (pH 8.0) of the electrochemical cell 

connected to the BASi epsilon system which is operated on the computer interface. (B) Reaction of HNO3 and Cu 

chips as the green colour solution indicated that NO was produced. 

 

2.3.4.2 Production of CO gas 

Carbon monoxide (CO) gas was produced in the laboratory, whereby 98 % sulphuric acid (H2SO4) 

reacted with 90 % formic acid (HCOOH) and the concentrated H2SO4 dehydrated the HCOOH 
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producing a colourless CO gas as shown in formula 1. The CO produced was collected in a 10 mL 

PBS (pH 8.0), the reaction was conducted in the fume hood. 

 

 

2.3.4.3 Preparation of Ca2+ solution 

Stock solution of 1 mM Ca2+ was prepared by dissolving 1.11 mg calcium chloride (CaCl2) 

(molecular weight = 110.98 g.mol-1) into 10 mL dH2O. CaCl2 dissociated into aqueous Ca2+ and 

Cl- as shown in formula 2. A further dilution of Ca2+ concentration from 1 mM to 1 µM stock 

solution was prepared and several concentrations from 1 nM to 16 nM were used in the 

electrochemical experiments. 

 

 

2.3.5 Electrochemical procedure 

The BASi Epsilon software was used to run cyclic voltammetry (CV). Parameters used for 

activating the cell were from +2000 mV to -2000 mV potential window and 2 cycles with a 

sensitivity of 1 mA at a scan rate of 100 mV/s. For cell stabilisation, the potential window between 

+150 mV and -800 mV in 10 cycles with a sensitivity of 100 µA at a scan rate of 100 mV/s was 

used. The potential window for running all the CV experiments was between +150 mV and -800 

mV in 2 cycles with a sensitivity of 10 nA at a scan rate of 2 mV/s. For anaerobic conditions the 

solution was degassed with argon gas and the argon blanked was kept on the surface of the solution 

for an O2 free environment. Different concentrations of analytes were added in 10 mL PBS (pH 

𝐻𝐶𝑂𝑂𝐻 𝑙 + 𝐻2𝑆𝑂4 𝑎𝑞 ↔ 𝐶𝑂 𝑔 + 𝐻2𝑂 𝑙      Formula 1 

𝐶𝑎𝐶𝑙2 𝑎𝑞 + 𝐻2𝑂 𝑙 ↔ 𝐶𝑎2+ 𝑎𝑞 + 2𝐶𝑙− 𝑎𝑞      Formula 2 
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8.0) electrochemical cell. All the results were saved and converted into textfiles (DAT) format and 

analysed using Origin 7 (Origin Lab, USA). 
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Chapter 3: Recombinant expression and purification of the AtNOGC1 protein 

The Arabidopsis thaliana proteome has been searched for the presence of the heme-Nitric Oxide 

(NO) and oxygen (O2) binding (H-NOX) motif. The guanylyl cyclase (GC) and the extended H-

NOX motifs were used as search engines for heme-binding and identified an Arabidopsis flavin-

containing monooxygenase (At1g62580) as a candidate. The AtNOGC1 has been successfully 

expressed as a His SUMO protein which is fused to the N-terminus of the protein and it was 

purified under native conditions by affinity chromatography using a metal-chelating resin of 

nickel-nitrilotriacetic acid (Ni-NTA). 

3.1 Results 

3.1.1 Expression and purification of AtNOGC1 

The pET SUMO-AtNOGC1 clone was transformed into E.coli BL-21 CodonPlus competent cells 

and expressed as described in section 2.2.2 and 2.4.4 respectively. When the OD600nm reached 0.5, 

induction was achieved by adding IPTG to a final concentration of 2 mM at 30 ⁰C and the expected 

band at ~ 67.7 kDa was well prominent in the induced soluble fraction as shown in figure 3.1 (lane 

2) as compared to the uninduced fraction (lane 1). The recombinant protein was successfully 

expressed and the pET SUMO-AtNOGC1 was purified under native conditions by affinity 

chromatography as confirmed by a clear band of ~ 67.7 kDa on the eluted fraction (lane 8). 
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Figure 3.1: 12 % SDS-PAGE analysis of the expression and affinity purification of the AtNOGC1 protein. M: 

250 kDa Molecular weight unstained protein marker (New England Biolabs, Cat# P7703); Lane 1: Lysate Un-induced; 

Lane 2: Lysate Induced; Lane 3: Lysate Induced flow through; Lane 4-7: Wash 1-4; Lane 8: Elute; Lane 9: 2 M NaCl. 

 

3.1.2 Determination of AtNOGC1’s protein concentration 

Sample fractions corresponding to the fusion AtNOGC1 protein in lanes 7-8 of figure 3.1 were 

pulled together and concentrated as described in section 2.2.10. The final concentration of the 

fusion AtNOGC1 protein was determined by Bradford assay as described in section 2.2.9. 

Different absorbance values of the BSA standard and the unknown protein sample were recorded 

at the same wavelength of 595 nm as shown in table 3.1 Appendix I. The standard curve was 

constructed according to the absorbance values of the standard samples (Appendix I, Figure 3.3). 

The protein concentration was calculated to a final of 3.1 mg/mL (Appendix I, Equation 1) and the 

final concentrated fusion protein was analysed on the SDS PAGE as shown in figure 3.2. The 
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expected band size of the concentrated AtNOGC1 protein was observed at ~ 67.7 kDa on lane 1 at 

a final concentration of 50 µg. 

 

Figure 3.2: 12 % SDS-PAGE analysis of the concentrated AtNOGC1 protein. M: 250 kDa Molecular weight 

unstained protein marker (New England Biolabs, Cat#P7703); Lane 1: AtNOGC1 (50µg). The band on lane 1 is visible 

at ~ 67.7 kDa as an expected size of the recombinant AtNOGC1 protein after ultra-centrifugation using 3k filter for 6 

hours. 

 

3.2 Discussion 

The main objective for this chapter was to express and purify the novel signalling molecule 

AtNOGC1, which has been previously identified and characterised by Mulaudzi et al (2011). The 

author searched for the H-NOX domain and GC activity within the Arabidopsis sequence and 

discovered that AtNOGC1 contains the H-NOX motif at the N terminus followed by a GC motif 

towards the C-terminus. E.coli competent cells such as XL-GOLD and BL-21 CodonPlus were 

previously prepared for the propagation and expression of the pET SUMO-AtNOGC1 construct. 
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The expected size of the pET SUMO-AtNOGC1 was ~ 67.7 kDa protein which represent ~1 kDa 

6xHis tag, 11 kDa SUMO fusion tag and 56.7 kDa for AtNOGC1. The AtNOGC1 protein was 

expressed as a fusion protein to SUMO, a Saccharomyces cerevisiae (Smt3) protein which is a 

homolog of the mammalian SUMO-1 protein (Saitoh et al., 1997). Smt3 is a member of ubiquitin-

like protein family involved in some of the major cellular mechanisms such as apoptosis, nuclear 

transport and cell cycle progression (Muller et al., 2001). SUMO’s mechanism of action include 

covalently binding to lysine side chains on target proteins to modulate the protein function. This 

work demonstrate that binding of SUMO to the N-terminus of under-expressed proteins 

extensively enhances their expression in E.coli (Malakhov et al., 2004). 

The protocol optimised for the expression of the novel AtNOGC1 protein was followed (Mulaudzi 

et al., 2011). Large scale expression was conducted in a final volume of 1 500 mL culture which 

was induced by 2 mM of IPTG. The ubiquitin and SUMO families of proteins are highly stable 

and resistant to heat and proteolysis. Since in silico analysis indicated that AtNOGC1 is a non-

stable insoluble protein (unpublished data), its attachment to the SUMO increased its solubility 

and stabilised its expression (Mulaudzi, 2011). These results correlate with the work done by 

Malakhov et al (2004), who indicated that attachment of a highly stable structure (SUMO) at the 

N-terminus of a partner protein helps to stabilise and increase the yield of the recombinant protein 

(Malakhov et al., 2004). 

The recombinant pET SUMO protein was purified under native conditions by affinity 

chromatography with Ni-NTA, which contains a nickel-charged agarose resins. The advantage of 

the Ni-NTA resin is that it can be regenerated and re-used many times due to its stable binding 

metallic property (Bornhorst and Falke, 2000). Since there was a presence of the N-terminal 

polyhistidine (6xHis) tag in pET SUMO which is ~ 1 kDa, therefore affinity chromatography was 
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used because it allows purification of the recombinant fusion protein with a metal-chelating resin 

of Ni-NTA. Elution of AtNOGC1 was efficiently achieved with the elution buffer (0.05 M Na 

Phosphate buffer; 0.3 M NaCl; 0.25 M imidazole; pH 8.0), since it has been reported that eluting 

proteins with mild buffer conditions and imidazole result in biologically active proteins either 

under native or denatured conditions by IMAC (Bornhorst and Falke, 2000). The expressed and 

purified recombinant protein was analysed on 12 % SDS PAGE as confirmed by a protein band at 

~ 67.7 kDa on the induced soluble fraction, compared to the negative control on the un-induced 

soluble fraction and a well pronounced band on the eluted lane at the same band size as shown in 

figure 3.1. These results indicate that the protein was successfully expressed and purified under 

these conditions. 

The concentration of the expressed and purified AtNOGC1 protein was determined using the 

Bradford assay method. Bradford assay is a protein determination method that involves the binding 

of Coomassie Brilliant Blue G-250 dye to proteins (Bradford, 1976). However, when the dye binds 

to the protein, it is converted to a stable unprotonated blue form (Amax = 595 nm) (Sedmack and 

Grossberg, 1977). The blue protein-dye form is detected at a wavelength of 595 nm in the assay 

using a spectrophotometer or microplate reader. The two most common protein standards used for 

protein assays are bovine serum albumin (BSA) and gamma-globulin, however BSA was preferred 

(BioRad Laboratories Inc, USA). Standard proteins of the BSA were used to prepare known 

protein concentrations from 0 to 25 µg/mL (Appendix I, Table 3.1). The recombinant AtNOGC1 

protein dilutions of 1:50 and 1:1000 showed average absorbance values of 0.254 and 0.253 which 

were within the range of the standard samples absorbance values (Appendix I, Table 3.1). 

The standard curve was plotted from the standard absorbance values against the concentration. A 

standard curve, also known as a calibration curve was used as a quantitative research technique in 
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which standard samples with known concentrations were measured and graphed. Therefore the 

concentration of the unknown AtNOGC1 protein was determined by interpolation on the graph 

with a good linear relationship of R2 = 0.9336 (Appendix I, Figure 3.3). 

The last steps of preparing a protein sample for analyses, such as activity assays or structural 

studies, involve ensuring that the protein is in its native, soluble form and without any impurities. 

The AtNOGC1 protein was concentrated to a final concentration of 3.1 mg/mL by using a 3K 

molecular weight cutoff (MWCO) of an ultrafiltration centrifugal tube which contains a 

polyethersulfone (PES) membrane for a rapid and high recovery concentration process. The 

concentrated AtNOGC1 protein was observed on the expected ~ 67.7 kDa size when analysed on 

12 % SDS-PAGE (figure 3.2). The AtNOGC1 protein was successfully expressed and purified for 

preparing a biosensor in electrochemistry studies. 
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CHAPTER 4: Electrochemical characterisation of AtNOGC1 protein 

bioelectrode as a biosensor for binding NO, CO and Ca2+ 

Chemical materials are mainly converted into a useful analytical signal by a device called a 

chemical sensor. The data from a chemical sensor is converted in a form of composition, existence 

of a certain element or ion, its concentration, chemical activity and its partial pressure (Kreno et 

al., 2011). The chemical data may be a reaction involving analytes or from a physical property of 

an electrode (Šljukić et al., 2006). Electrochemistry techniques were used to investigate redox 

reactions, since the activity of a reaction is directly related to the current measured. In this study, 

signalling molecules and second messengers were investigated as biological analytes which 

includes; Nitric Oxide (NO), Carbon monoxide (CO) and Calcium ion (Ca2+). The application of 

the chemical sensor in this research was to investigate the chemical responses of the bare glassy 

carbon electrode (GCE) in order to study the electrochemical behaviour of the AtNOGC1/GCE as 

a biosensor. 

4.1 The electrochemical characterisation of the bare glassy carbon electrode (GCE) as a chemical 

sensor 

Cyclic voltammetry (CV) of the bare GCE in PBS (0.05 M Na Phosphate buffer and 0.3 M NaCl; 

pH 8.0) was conducted in aerobic and anaerobic conditions. For anaerobic conditions, the solution 

was purged with argon gas for 30 minutes and the argon blanket was kept on the surface level as 

previously described in section 2.3.3. Distilled water (dH2O) and imidazole were added as analytes 

as shown in figure 4.1 (A) and (B). The CV experiments were carried out at a scan rate of 2 mV.s-

1 at a potential window between +150 mV and -800 mV. 
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For anaerobic conditions, there was no catalytic peak current formed in figure 4.1 (A) (green and 

blue) and 4.1 (B) (green and black). For aerobic conditions in figure 4.1 (A), in the absence of 

dH2O (black), there was a cathodic peak current (Ipc) of 1.4 µA observed around cathodic peak 

potentials (Epc) of -400 mV (vs Ag/AgCl). When 0.25 mL dH2O was added as a control analyte 

(red) an Ipc of 2 µA was observed around the same Epc of -400 mV (vs Ag/AgCl). Therefore, there 

was an Ipc of 0.6 µA difference between aerobic solutions in the presence (red) and absence (black) 

of dH2O. 

In figure 4.1 (B), for aerobic conditions without imidazole (red), there was an Ipc of 1.3 µA 

observed around Epc of -400 mV (vs Ag/AgCl). When 0.25 M imidazole (blue) was added a new 

catalytic peak was generated with an Ipc of 1.65 µA and there was a catalytic peak potential shift 

with a value of -300 mV (vs Ag/AgCl). Therefore, there was an Ipc of 0.35 µA difference between 

aerobic solutions in the presence (blue) and absence (red) of imidazole. 

 

Figure 4.1: Cyclic voltammetry showing responses of bare GCE in the presence and absence of O2 or imidazole 

as a chemical sensor. All CV experiments were conducted in PBS (0.05 M Na Phosphate buffer and 0.3 M NaCl; pH 

8.0) at a scan rate of 2 mV.s-1 and a potential window between +150 mV and -800 mV. (A) For anaerobic conditions; 

Green: 0.1 M PBS without O2 and blue: 0.25 mL dH2O without O2. For aerobic conditions; Black: O2 only and red: 

0.25 mL dH2O with O2. (B) For anaerobic conditions; Black: without O2 and green: 0.25 M imidazole without O2. For 

aerobic conditions; Red: O2 only and blue: 0.25 M imidazole with O2.  
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Imidazole is incorporated into many important biological molecules and the most obvious is the 

amino acid histidine, which has an imidazole side chain. Imidazole can act as a cation and as an 

anion when it combines with salts. The electroactive ions diffuse to the electrode surface and 

adsorbs to it in the presence of O2. Therefore, the bare GCE showed response as a chemical sensor 

to both the control (dH2O) and experimental (Imidazole) analytes in anaerobic and aerobic 

conditions. The chemical sensor was characterised electrochemically in response to an electron 

transfer mechanism in redox reactions. 

In order to study the biochemical sensor, the chemical sensor was first characterised 

electrochemically in response to an electron transfer mechanism in a redox reaction as shown in 

figure 4.1 (A and B). Whereby the results demonstrated the diffusion of electroactive ions on the 

surface of the bare GCE in anaerobic solution, since flat voltammograms were observed. However, 

when the solution was saturated with excess O2 and different analytes; dH2O (figure 4.1 A) and 

imidazole (figure 4.1 B), adsorption took place hence there was an increase in the catalytic peak 

currents and potential shift in a reduction reaction. Therefore, these results depicts that the bare 

GCE is involved in electron transfer as a chemical sensor with no interference and it can further 

be used to create an electrochemical enzyme based biosensor such as AtNOGC1/GCE biosensor 

(Zhu et al., 2014). 

4.2 The electrochemical behaviour of the immobilised AtNOGC1 on the GCE surface in the 

presence and absence of O2. 

The immobilisation of AtNOGC1 protein onto the GCE surface was performed by the method 

described in section 2.3.2, whereby crosslinking agents such as didodecyldimethylammonium 

bromide (DDAB), Bovine Serum Albumin (BSA) and glutaraldehyde were used. The cyclic 

voltammetry (CV) responses of AtNOGC1/GCE biosensor in the presence and absence of O2 was 
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conducted in PBS (0.05 M Na2HPO4 and 0.3 M NaCl; pH 8.0) at 2 mV.s-1 scan rate and a potential 

window between +150 mV and -800 mV as shown in figure 4.2. 

In anaerobic (black) solution with 0.25 M imidazole, there was no catalytic peak current responses 

observed. However, in aerobic (green) solution without imidazole the onset potential was observed 

at -200 mV (vs Ag/AgCl) and a reduction wave with Epc of -550 mV (vs Ag/AgCl). The aerobic 

(red) solution with 0.25 M imidazole showed increased response with Ipc of 0.8 µA at the same 

peak potential value of -550 mV (vs Ag/AgCl). Therefore, an Ipc difference of 0.3 µA between the 

aerobic solutions with 0.25 M imidazole (red) and without imidazole (green) was observed at the 

same peak potential of -550 mV (vs Ag/AgCl).  

 

Figure 4.2: Cyclic voltammetry showing responses of the AtNOGC1/GCE biosensor in the presence and absence 

of O2. All CV experiments were conducted in PBS (0.05 M Na2HPO4 and 0.3 M NaCl; pH 8.0) at a scan rate of 2 

mV.s-1 and a potential window between +150 mV and -800 mV. Argon gas was used to purge the solution for anaerobic 

(black) condition with no catalytic peak current generated and was saturated by bubbling to acquire excess O2 for 

aerobic (red and green) conditions. The solution with 0.25 M imidazole (red) displayed a high cathodic peak current 

of 1.5 µA as compared to a slow reaction rate (green) without imidazole with an Ipc of 1.2 µA in the presence of the 

O2. 
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The overall comparison of the O2 free solution (black) to the O2 rich solution (red and green) in 

the reaction rate was about 1.15 µA excess increase. The electrochemical properties of the 

immobilised heme protein such as AtNOGC1 aid in the determination of whether electrons are 

able to move from the electrode surface to the active site of the immobilised AtNOGC1/GCE. 

The binding affinity of AtNOGC1/GCE biosensor to signalling molecules and second messengers 

was studied under anaerobic and aerobic conditions. The electrochemical reduction of AtNOGC1 

protein was determined to be greatly influenced by the presence of O2 on the AtNOGC1/GCE 

biosensor surface. For redox reaction to take place, O2 is essential in the electron transfer between 

prosthetic heme groups of the protein and electrode surface (Gorton et al., 1999). Since, adsorption 

took place at the surface of the AtNOGC1/GCE biosensor in the presence of O2 and imidazole as 

shown in figure 4.2. 

Imidazole is believed to restore the Fe3+ state of the heme through reduction, as demonstrated with 

the FixL heme-based sensor which is more reactive towards the large polar imidazole (Mansy et 

al., 1998) and our results also showed that imidazole assisted O2 to bind to AtNOGC1 with more 

affinity as shown in figure 4.2 (green voltammogram). The AtNOGC1 protein is also annotated as 

a flavin containing mono-oxygenase (FMO), which specialises in oxidation reactions. Since, 

FMO’s requires O2 in their reactions as a co-factor such as nicotinamide adenine dinucleotide 

phosphate (NADPH) and flavin adenine dinucleotide (FAD) (Förstermann and Sessa, 2011). 

Therefore, in the presence of O2, there was oxygenation of AtNOGC1 coupling of the heme group 

from AtNOGC1-Fe3+ to AtNOGC1-Fe2+ state, but when 0.25 M imidazole was added, the reduction 

peak potential shifted to a more reduction potential as illustrated in figure 4.2 (from green to red 

voltammogram), therefore it shows that imidazole restored the AtNOGC1-Fe2+ back to the 

AtNOGC1-Fe3+ state (Kokhan et al., 2010).  
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4.3 Electrocalalytic activity of signalling molecules and second messengers 

4.3.1 Electrocatalytic activity of nitric oxide (NO) on AtNOGC1/GCE biosensor 

The AtNOGC1 protein comprises of a heme-nitric oxide and/or oxygen (H-NOX) binding domain 

for binding NO and O2. NO was produced in the laboratory by a method previously described in 

section 2.3.4.1. The CV responses of the AtNOGC1/GCE based biosensor were evaluated at 

milliliter (mL) concentration arrays of the NO analyte from 0.5 mL to 2.5 mL in PBS (0.05 M 

Na2HPO4, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) at 2 mV.s-1 scan rate and a potential window 

between +150 mV and -800 mV. Figure 4.3 shows the CV of the biosensor under anaerobic or 

aerobic conditions, in the presence and absence of NO.  

 

Figure 4.3. Cyclic voltammetry showing responses of the nitric oxide (NO) towards the AtNOGC1/GCE 

biosensor in the presence and absence of O2. All CV experiments were conducted in PBS (0.05 M Na2HPO4, 0.3 M 

NaCl and 0.25 M imidazole; pH 8.0) at a scan rate of 2 mV.s-1 and a potential window between +150 mV and -800 

mV. Argon gas was used to purge the solution for anaerobic (black) conditions and was saturated by bubbling to 

acquire excess O2 for aerobic (red) conditions which displayed a higher Ipc of 0.5 µA. Therefore, when different 

volumes of NO were added into the aerobic solution from 0.5 mL (green), 1 mL (blue), 1.5 mL (cyan) to 2.5 mL 

(magenta) a constant increase of Ipc from 0.9 to 1.7 µA was observed around Epc of -500 mV (vs Ag/AgCl). 
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In the absence of O2 and NO (black) solution, there was no catalytic response observed since the 

voltammogram consist of a flat wave. When the solution was saturated with excess O2 (red), the 

reduction current suddenly increased with Ipc of 0.48 µA around Epc of -500 mV (vs Ag/AgCl). 

Therefore when 0.5 mL PBS saturated with NO gas was added in the solution (green), an Ipc of 1.8 

µA was observed around the same peak potential value of -500 mV. Thereafter, a constant catalytic 

increase in Ipc of 0.25 µA when 1 mL (blue), 1.5 mL (cyan) and 2.5 mL (magenta) were added 

around the same peak parameters of -500 and -540 mV (vs Ag/AgCl). 

Cyclic voltammetric responses of the AtNOGC1/GCE biosensor corresponding to different 

concentrations of NO showed a cathodic shift potential as the concentration of NO was increased. 

The reverse voltammetric waves did not have any anodic current as they showed plain 

voltammograms. The reduction cyclic voltammetric current of AtNOGC1-NO responses showed 

only one redox species due to the observation of only one cathodic peak in the CV. 

The binding of NO to AtNOGC1 was investigated in an AtNOGC1-Fe3+ to AtNOGC1-Fe2+ 

conversion. Since it has been reported by Mulaudzi et al (2011) that under anaerobic conditions, 

NO binds to AtNOGC1 protein in its resting state (AtNOGC1-Fe3+) and the bound AtNOGC1-NO 

remains bound in its reduced state (AtNOGC1-Fe2+). The increase in the reduction current peak 

with a cathodic shift peak potential was observed in the presence of O2 as shown in figure 4.3, 

whereby the catalytic peak also increased with an increase in NO. Therefore, these observations 

suggested that the AtNOGC1-Fe3+ reduction was accompanied by the oxygenation step i.e. the 

binding of two O2 molecules. The first O2 molecule bind to the AtNOGC1-Fe3+ and results in 

AtNOGC1-Fe2+-O2  form and the second O2 molecule was involved in the cleavage of the O2 to O2 

bond (O-O) (Ignaszak et al., 2009). The CV responses of the constant increase in the catalytic 

current peak from 0.5 mL to 2.5 mL NO at the same potential peak of -500 mV (vs Ag/AgCl) was 

 

 

 

 

http://etd.uwc.ac.za



 

57 
 

observed in figure 4.3, these results can be explained by the mono-oxygenation catalytic cycle of 

heme enzymes such as AtNOGC1 as it took place in a reduction reaction (Lewis and Pratt, 1998). 

4.3.1.1 Electrochemical characterisation of the bare GCE, modified GCE with DDAB/BSA and 

AtNOGC1/GCE biosensor in the presence and absence of NO 

In order to study the electrochemical behaviour of the modified DDAB/BSA-AtNOGC1/GCE 

biosensor, several control parameters were performed to monitor the catalytic responses of the 

crosslinking agents. The CV experiments were performed in aqueous solution of PBS (0.05 M 

Na2HPO4, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) in aerobic conditions at 2 mV.s-1 scan rate 

with a potential window between +150 mV and -800 mV. Figure 4.4 shows the CV responses of 

the (A) bare GCE, (B) DDAB/BSA/GCE and (C) AtNOGC1/GCE biosensor in the presence and 

absence of 0.5 mL NO in aerobic solution. 

In figure 4.4 (A), a chemical sensor which is the bare GCE showed a high catalytic reduction peak 

with a potential value of -500 mV and an Ipc increase from 1.5 to 1.6 µA when 0.5 mL PBS with 

NO was added to the aerobic solution. Addition of 0.5 mL PBS with NO in the electrochemical 

solution of AtNOGC1/GCE biosensor resulted in a drastic decrease in the electrochemical current 

response as shown in figure 4.4 (D), indicating the possibility of adsorption of NO molecules on 

the AtNOGC1/GCE biosensor surface at the same Epc of -500 mV. However, when GCE was 

coated with the recombinant AtNOGC1 protein, the reduction peak potential was decreased when 

compared to the bare GCE and DDAB/BSA/GCE. Redox potential of all different coated and non-

coated GCE shown to vary in the range from -400 to -500 mV (vs Ag/AgCl) when 0.5 mL NO 

was added into the electrochemical solution. 
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Figure 4.4: Cyclic voltammetry showing responses of the bare GCE, modified GCE with DDAB/BSA and 

AtNOGC1/GCE biosensor in the presence of NO. All CV experiments were conducted in PBS (0.05 M Na2HPO4, 

0.3 M NaCl and 0.25 M imidazole; pH 8.0) at a scan rate of 2 mV.s-1 and a potential window between +150 mV and 

-800 mV. (A) Bare GCE generated a reduction peak in aerobic (black) solution with Ipc of 1.45 µA around Epc of -500 

mV (vs Ag/AgCl) and a solution (red) which contained 0.5 mL NO showed an increase in the catalytic current and a 

shift towards more reduction. (B) When bare GCE was immobilised with 10 mM DDAB and 2 mg/ml BSA, the 

reduction reaction rate of aerobic (black) solution with buffer only was observed with Ipc of 1.25 µA and when 0.5 mL 

NO was added to the solution (red), there was an increase in the catalytic current responses around same Epc of -500 

mV. (C) Cyclic voltammetry response of AtNOGC1/GCE biosensor in aerobic (black) solution without NO, showed 

a drastic decrease in the catalytic current peak at a potential value of -500 mV. However when 0.5 ml NO was added, 

the Ipc increased from 0.4 to 9.5 µA at the same potential value of -500 mV. (D) CV response of aerobic solution in 

the presence of 0.5 mL NO, the bare GCE (black) displaced a high catalytic peak than both DDAB/BSA/GCE (red) 

and AtNOGC1/GCE (green) with Ipc of 1.75 µA. Therefore, redox potential coated and non-coated GCE showed to 

vary in the range from -400 to -500 mV in the presence of NO. 

 

4.3.2 Electrocatalytic activity of carbon monoxide (CO) on AtNOGC1/GCE biosensor 

Carbon monoxide (CO) uses catalytically dose-dependent CO donors known as heme aqueous and 

CO aqueous which also promotes physiological processes such as seed germination in plants. Due 
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to its catalytic activity and selectivity in aqueous solutions, it is important to determine its binding 

affinity as a signalling molecule to AtNOGC1/GCE biosensor as shown in figure 4.5. 

 

Figure 4.5. Cyclic voltammetry showing responses of the carbon monoxide (CO) towards the AtNOGC1/GCE 

biosensor in the presence and absence of O2. All CV experiments were conducted in PBS (0.05 M Na2HPO4, 0.3 M 

NaCl and 0.25 M imidazole; pH 8.0) at a scan rate of 10 mV.s-1 with a potential window between +150 mV and -800 

mV. Argon gas was used to purge the solution for anaerobic (black) solution and was saturated by bubbling to acquire 

excess O2 for aerobic (red) solution which display a high Ipc of 3.4 µA. Different volumes of CO were added into the 

aerobic solution from 0.5 mL (green), 1.0 mL (blue), 1.5 mL (cyan) to 2.0 mL (magenta) of CO. A constant decrease 

in Ipc from 3.6 to 3.4 µA was observed from -680 mV to -610 mV with cathodic peak shift potential towards an 

oxidizing agent region. 

 

In the absence of O2 and CO (black) free analyte solution, there was no catalytic response observed 

in PBS (0.05 M Na2HPO4, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) at 10 mV.s-1 scan rate with 

a potential window between +150 mV and -800 mV. Therefore, when the solution was saturated 

with excess O2 (red), there was an increase in the catalytic response with Ipc of 3.5 µA around Epc 

of -700 mV (vs Ag/AgCl) and when 0.5 mL of PBS with CO gas was added in the solution (green), 

an Ipc increased to a maximum reduction peak of 3.75 µA around Epc of -680 mV (vs Ag/AgCl). 

The electrode showed a shift to less negative potential as a strong oxidizing agent. Thereafter, a 

constant catalytic decrease in Ipc and a shift in potential to a more positive potential was observed 
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when CO concentration was increased from 1 mL (blue), 1.5 mL (cyan) and to 2 mL (magenta). 

CO reduction may be caused by the adsorption of the heme group as the concentration of CO with 

O2 is added to the electrolyte solution. The reaction rate is influenced by the current which is 

dependent on the potential. 

The effect of CO saturation on the AtNOGC1/GCE based biosensor in figure 4.5 can be explained 

by CO binding to the heme group, which affects the reduction potentials of the Fe3+/Fe2+ couple. 

However, it has been reported that CO can inhibit the mono-oxygenation reaction of the heme 

oxygenase (HO) catalytic cycle by binding to the ferrous heme complex such as AtNOGC1-

Fe3+/Fe2+ (Migita et al., 1998). Carbon monoxide rapidly and strongly binds to the reduced 

AtNOGC1-Fe3+ heme, which produces a shift in the reduction formal redox potential to a less 

(negative) reduction potential as shown in figure 4.5. This can be well illustrated by the following 

reaction: 

  (AtNOGC1·heme) Fe3+ + CO ↔ (AtNOGC1·heme·CO) Fe3+ 

The shift in potential to a less (negative) reduction by ~ 50 mV for AtNOGC1 when different CO 

concentrations were added into the solution was observed as shown in figure 4.5. Fleming et al 

(2007) also reported the same magnitude of the shift in potential that is consistent with the results 

obtained in this study for other heme enzymes such as P450 (Fleming et al., 2007). Both the Fe3+ 

and the Fe2+ state of the heme can bind to CO, since the cathodic peak potential of the AtNOGC1- 

Fe3+/Fe2+ couple in the presence of O2 agreed well with the value reported by Mulaudzi et al (2011), 

that redox responses of gas signalling molecules vary in the peak potential range of -400 to -600 

mV (vs Ag/AgCl) (Mulaudzi et al., 2011).  

 

 

 

 

http://etd.uwc.ac.za



 

61 
 

4.3.2.1 Electrochemical characterisation of the bare GCE, modified GCE with DDAB/BSA and 

AtNOGC1/GCE biosensor in the presence and absence of CO 

Electrochemical response of the AtNOGC1/GCE biosensor in the presence of CO was studied to 

confirm that the reduction was not influenced from the direct electron transfer of the bare GCE nor 

the solid support DDAB/BSA vesicle. The CV experiment was conducted in aerobic solution of 

PBS (0.05 M Na2HPO4, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) at 2 mV.s-1 scan rate with a 

potential window between +150 mV and -800 mV as shown in figure 4.6 (A) Bare GCE, (B) 

DDAB/BSA/GCE and (C) AtNOGC1/GCE biosensor in the presence and absence of 0.5 mL PBS 

saturated with CO. 

In figure 4.6 (A) represent voltammograms of the bare GCE in the absence (black) and presence 

(red) of 0.5 mL CO, an addition of CO to the electrochemical solution led to an increase in the 

reduction peak. Similarly, to the GCE modified with DDAB/BSA in figure 4.6 (B). However, a 

well-defined cathodic peak was observed when the GCE was modified with AtNOGC1 protein 

with Ipc of 1.4 µA (black) and 1.5 µA (red) at a potential peak value of -500 mV (vs Ag/AgCl). 

This crosslinkers provides an excellent environment for rapid electron exchange between heme 

proteins and electrode surface, whereby they carried a solid support as a carrier between AtNOGC1 

protein and GCE surface. 
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Figure 4.6: Cyclic voltammetry showing responses of the bare GCE, modified GCE with DDAB/BSA and 

AtNOGC1/GCE biosensor in the presence of CO. All CV experiments were conducted in PBS (0.05 M Na2HPO4, 

0.3 M NaCl and 0.25 M imidazole; pH 8.0) at a scan rate of 2 mV.s-1 and a potential window between +150 mV and 

-800 mV. (A) The bare GCE generated a reduction peak in aerobic (black) solution with Ipc of 1.4 µA and a solution 

(red) which contained 0.5 mL CO showed an increase in the catalytic current with Ipc of 1.55 µA around Epc of -500 

mV (vs Ag/AgCl). (B) The modified GCE with 10 mM DDAB and 2 mg/ml BSA showed a decrease in the reduction 

peak of aerobic (black) solution with buffer only, as it was observed with Ipc of 1.15 µA and when 0.5 mL CO was 

added to the solution (red), there was an increase in Ipc of 1.25 µA around same Epc of -500 mV (vs Ag/AgCl). (C) 

Cyclic voltammetry response of the AtNOGC1/GCE biosensor in aerobic (black) solution without CO displayed a 

well-defined catalytic current peak at a potential value of -500 mV. However when 0.5 ml CO was added, the Ipc 

increased from 1.4 to 1.45 µA at the same potential value of -500 mV. (D) CV response of aerobic solution in the 

presence of 0.5 mL CO, the bare GCE (black) showed a maximum catalytic peak than both DDAB/BSA/GCE (red) 

and AtNOGC1/GCE biosensor (green) at Ipc of 1.55 µA. Redox potential of immobilised and none-immobilised GCE 

showed to vary in the range from -450 to -500 mV in the presence of CO. 

 

4.3.3 Electrocatalytic activity of calcium ion (Ca2+) on AtNOGC1/GCE biosensor 

Electrochemical responses of the AtNOGC1/GCE biosensor were evaluated at nano-molar (nM) 

concentration arrays of the calcium ion (Ca2+) analyte from 1 nM to 7 nM in PBS (0.05 M 
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Na2HPO4, 0.3 M NaCl and 0.25 M imidazole; pH 8.0). The AtNOGC1/GCE biosensor activity 

was analysed in the presence and absence of O2 and Ca2+ as shown in figure 4.7 (A). Therefore, in 

an O2 and Ca2+ free solution (black), there was no catalytic peak response observed. In the presence 

of O2 (red) only, there was a generated reduction catalytic peak with an Ipc of 1 µA around Epc of 

-560 mV (vs Ag/AgCl). Therefore, when 1 nM Ca2+ (green) was added to the solution, there was 

an increase in the catalytic reduction peak to an Ipc of 1.25 µA around the same Epc. A constant 

increase of an Ipc from 1.35 to 1.6 µA (blue, cyan, magenta, yellow and dark yellow) was observed 

at the same Epc when different Ca2+ concentrations were added to the solution. An increase in the 

electrochemical response current correspond to an increase in the Ca2+ concentrations from 1 nM 

to 7 nM. 

 

Figure 4.7: Cyclic voltammetry showing responses of calcium ion (Ca2+) concentrations towards the 

AtNOGC1/GCE biosensor in the presence and absence of O2. (A) All CV experiments were conducted in PBS 

(0.05 M Na2HPO4, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) at 2 mV.s-1 scan rate with a potential window between 

+150 and -800 mV. The argon gas was used to purge the solution for anaerobic (black) conditions and was saturated 

by bubbling to acquire excess O2 for aerobic (red) conditions which displayed a high Ipc of 1 µA around Epc of -560 

mV (vs Ag/AgCl). Different concentrations of Ca2+ were added into the aerobic solution from 1 nM (green), 2 nM 

(blue), 3 nM (cyan), 4 nM (magenta), 5 nM (yellow) to 7 nM (dark yellow). Therefore, a constant increase of Ipc from 

1 µA to 1.7 µA was observed around Epc of -550 mV (vs Ag/AgCl). (B) Calibration profile curve (red) and linear 

relationship (black) of AtNOGC1/GCE biosensor of current (µA) vs Ca2+ concentration (nM). 
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The electrochemical kinetic response of the AtNOGC1/GCE biosensor on the Ca2+ concentrations 

were further analysed by plotting a calibration curve of current (µA) vs Ca2+ concentrations (nM) 

as shown in figure 4.7 (B). A standard linear regression (black) was fitted from 1 nM to 3 nM Ca2+ 

concentrations with a maximum adsorption current of 4.25 µA at 3 nM Ca2+ concentration. The 

calibration curve (red) was plotted from 4 nM to 7 nM Ca2+ concentrations as the solution indicated 

that a saturation point was reached at 6 µA corresponding to 7 nM Ca2+. 

The electrochemical concentration-dependent responses of the AtNOGC1/GCE biosensor 

statically standard curve was fitted by using origin 7 software (Origin Lab, USA). The maximum 

effective concentration of the Ca2+ towards the AtNOGC1/GCE based biosensor was observed at 

a cathodic current value of 0.3 µA, which corresponded to the 2 nM Ca2+ concentration as shown 

in figure 4.7 (B). The maximum inhibition current response was observed at a cathodic current 

value of 0.57 µA which corresponded to the 7 nM Ca2+ concentration of the biosensor’s 

electroactive surface in figure 4.7 (B). 

The dynamic linear range of the Ca2+ concentration towards the AtNOGC1/GCE based biosensor 

was evaluated from 1 nM to 3 nM. The electrode reaction of Ca2+ on the AtNOGC1/GCE biosensor 

is an adsorption controlled process due to the linear regression fit (r2 = 0.995) of the cathodic peak 

current from 1 nM to 3 nM. These results showed excellent stability and reproducibility at the 

same Epc of -560 mV (vs Ag/AgCl). Similar electrochemical studies of calcium dobesilate (CD) 

have been reported by Xu et al (2009), whereby electrochemical behaviour of CD showed excellent 

activity on gold nanoparticle modified glass carbon electrode with a couple of diffusion controlled 

stable redox peaks (Xu et al., 2009).  
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4.3.3.1 Electrochemical characterisation of the bare GCE, modified GCE with DDAB/BSA and 

AtNOGC1/GCE biosensor in the presence and absence of Ca2+ 

Immobilisation of proteins of interest by using crosslinkers enables for an indirect determination 

of whether the immobilisation process affects the properties of the protein, as it can be deduced 

from the crosslinkers behaviour as shown in figure 4.8 (A) Bare GCE, (B) DDAB/BSA/GCE and 

(C) AtNOGC1/GCE biosensor, when 7 nM Ca2+ was added to aerobic solution. The CV 

experiments were performed in aqueous solution of PBS (0.05 M Na2HPO4, 0.3 M NaCl and 0.25 

M imidazole; pH 8.0) at 2 mV.s-1 scan rate with a potential window between +150 mV and -800 

mV. 

Figure 4.8 (A) shows the CV response of the bare GCE with a catalytic reduction current peak of 

1 µA (black) without Ca2+ and catalytic reduction current peak of 1.25 µA (red) with 7 nM Ca2+ 

at a potential value of -450 mV (vs Ag/AgCl). However, when the GCE was coated with 

AtNOGC1, there was a shift in the reduction peak potential to a value of -550 mV (vs Ag/AgCl). 

In addition to the observation of the GCE modified with AtNOGC1 there was an increase in the 

catalytic current peak of 1.7 µA as shown in figure 4.8 (D) when compared to the bare GCE and 

DDAB/BSA/GCE. 

Modification of the electrode surface showed an increase in the electron transfer. Since, cationic 

lipid DDAB form a stable lipid bilayer at room temperature and the positive charge on the 

ammonium ion allows it to interact electrostatically with negatively charged graphite electrodes 

such as GCE. In addition, the structure of glutaraldehyde is not limited to monomeric form in 

aqueous solution and it has weak absorbance (at 235 nm). The advantage with glutaraldehyde as a 

crosslinker is that it can react with several functional groups of proteins. 
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Figure 4.8: Cyclic voltammetry showing responses of the bare GCE, modified GCE with DDAB/BSA and 

AtNOGC1/GCE biosensor in the presence of Ca2+. All CV experiments were conducted in PBS (0.05 M Na 

Phosphate buffer, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) at a scan rate of 2 mV.s-1 and a potential window 

between +150 mV and -800 mV. (A) The bare GCE generated a reduction peak in aerobic (black) solution with Ipc of 

1 µA and a solution (red) which contained 7 nM Ca2+ showed an increase in the catalytic current with Ipc of 1.25 µA 

around Epc of -450 mV (vs Ag/AgCl). (B) The modified GCE with 10 mM DDAB and 2 mg/ml BSA showed an 

increase in the reduction peak when 7 nM Ca2+ was added into the aerobic (red) solution with Ipc of 1.5 µA around Epc 

of -500 mV (vs Ag/AgCl). (C) Cyclic voltammetry response of the AtNOGC1/GCE biosensor in aerobic (black) 

solution without Ca2+ displayed a well-defined catalytic current peak at a potential value of -550 mV. However, when 

7 nM Ca2+ was added, the Ipc increased from 1.1 to 1.7 µA at the same potential value of -550 mV. (D) CV response 

in aerobic solution in the presence of 7 nM Ca2+ when bare GCE (black) showed a less catalytic peak than both 

DDAB/BSA/GCE (red) and AtNOGC1/GCE (green). Redox potential of all different coated and non-coated GCE 

showed to vary in the range from -450 to -550 mV (Ag/AgCl) in the presence of 7 nM Ca2+. 
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4.4 Electrochemical characterisation of the binding affinity of NO, CO and Ca2+ to 

AtNOGC1/GCE biosensor 

In order to study the binding affinity of AtNOGC1 protein to signalling molecules such as NO and 

CO, and second messenger; Ca2+ in combination, CV experiments with different analytes were 

performed in PBS (0.05 M Na2HPO4, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) at room 

temperature with a potential window between +150 mV and -800 mV at a scan rate of 2 mV.s-1 as 

shown in figure 4.9. 

 

Figure 4.9. Cyclic voltammetry showing binding affinity responses of the nitric oxide (NO), carbon monoxide 

(CO) and calcium ion (Ca2+) towards the AtNOGC1/GCE biosensor in the presence of O2. Cyclic voltammetric 

experiments were conducted in PBS (0.05 M Na2HPO4, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) at a scan rate of 

2 mV.s-1 with a potential window between +150 mV and -800 mV. When 0.5 mL NO (black) was added to the aerobic 

solution an Ipc of 0.5 µA was observed at Epc -500 mV (vs Ag/AgCl). Therefore, when 0.5 mL CO (red) was added to 

the solution an Ipc of 1.5 µA was observed at Epc -550 mV (vs Ag/AgCl) and when 7 nM Ca2+ (green) was added to 

the solution, maximum catalytic peak was generated with Ipc of 1.7 µA around at Epc -550 mV (vs Ag/AgCl). 

 

CV responses of the aerobic (green) solution with 7 nM Ca2+ which displaced the highest reduction 

catalytic peak with Ipc of 1.7 µA around Epc of -550 mV (vs Ag/AgCl), when compared to the 

catalytic responses of solutions which contains 0.5 mL NO (black) and 0.5 mL CO (red). There is 
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a potential peak value of NO solution observed at -500 mV in comparison to the Ca2+ and CO peak 

potential value of -550 mV. The difference in the rate of electron transfer can determine the binding 

affinity of different analytes to the AtNOGC1/GCE based biosensor. Therefore, addition of 

analytes in the electrochemical solution may increase the rate of oxygenation of the AtNOGC1. 

4.7 Discussion 

The aim of this chapter was to determine the binding affinity of signalling molecules; NO and CO 

and second messenger; Ca2+ to an Arabidopsis protein, AtNOGC1. Since AtNOGC1 has been 

annotated as a flavin containing mono-oxygenase, therefore it was important to monitor its 

responses in the presence and absence of O2 in all electrochemical experiments. AtNOGC1 is a 

heme containing protein which is characterised by an H-NOX domain and a GC domain (Mulaudzi 

et al., 2011). The AtNOGC1 is a heme protein which is a co-factor consisting of Fe3+ in the centre 

of the large heterocyclic porphyrin ring made up of pyrolic groups (Gorton et al., 1999). 

The biological sensor was composed by immobilising AtNOGC1 protein on the bare GCE surface 

with crosslinking agents which include; didodecyldimethylammonium bromide (DDAB), bovine 

serum albumin (BSA) and glutaraldehyde to develop an electrochemical enzyme based biosensor. 

These crosslinking agents are stable at room temperature and they do not interfere with electron 

transfer on graphite electrodes such as GCE (Migneault et al., 2004). The results obtained in figure 

4.4, 4.6 and 4.8 support that electrochemical response of the AtNOGC1/GCE biosensor was not 

influenced from the direct electron transfer of the solid support crosslinking vesicle. Therefore, 

modification of the GCE surface with crosslinking agents and the AtNOGC1 protein enhanced 

electron transfer (Iwuoha et al., 1998), since there was a more reduction shift in the peak potentials 

of the immobilsed GCE. 
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It has been identified that graphite electrodes such as GCE showed their excellent promotion of 

direct electron transfer of heme proteins such as AtNOGC1 than noble metal electrodes such as 

gold and platinum. The GCE showed a good selectivity to determine the binding affinity of 

AtNOGC1 protein bioelectrode to stress signalling molecules; NO, CO and Ca2+ in the presence 

of imidazole. This study demonstrated that AtNOGC1 protein plays an important role as an 

electron transporter in redox reactions. Similarly, Fufezan et al (2008) reported that heme co-

factors are essential part of life because of their role in electron transportation. Furthermore, heme 

co-factors showed the ability to transport, store and detect many important molecules. In addition 

to its involvement in modulating gene expression, heme co-factors has been mostly used in redox 

chemistry (Fufezan et al., 2008). 

The electrochemical reduction of the AtNOGC1 protein was determined to be greatly influenced 

by the presence of the reactive O2 molecule on the AtNOGC1/GCE surface. Biosensors are 

analytical tools which offer quantitative or semi quantitative analytical information by means of a 

biological recognition element in contact with a suitable transducer. The binding of the AtNOGC1 

protein to stress signalling molecules; NO, CO and Ca2+ was successful with no interference. The 

advantage of biomolecules biosensors such as AtNOGC1 bioelectrode is that they are reproducible 

and can be used to determine the binding of many biological molecules in a research level. This 

study has shown for the first time that AtNOGC1 is able to bind and sense CO in addition to NO 

and this is a characteristics of the human soluble guanylyl cyclase (Schmidt, 1992). Furthermore 

its ability to bind Ca2+, also mean that AtNOGC1 might have dual functions and maybe a novel 

Ca2+ binding protein in higher plants.
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Chapter 5: Conclusion and future prospects 

Identification and characterisation of proteins that are involved in signalling pathways through 

binding different stress signals is important to understand mechanisms of stress tolerance towards 

the development of stress tolerant crops. Identification of guanylyl cyclases in higher plants is one 

of the major breakthroughs which indicated the importance of NO in cGMP synthesis (Mulaudzi 

et al., 2011) and the in planta existence of the NO/cGMP signalling cascade (Jodoui et al., 2013). 

However the amount of cGMP generated in an NO activation manner is not comparable to that 

which is produced by human sGC, this raised a lot of questions as to whether AtNOGC1 is the 

only NO activated GC (Gross and Durner, 2016). 

To further elucidate the role of AtNOGC1 in binding stress signalling molecules, the recombinant 

protein was prepared as previously described in chapter 2 according to the method of Mulaudzi et 

al (2011). An enzyme (AtNOGC1)-based biosensor was prepared and utilised in this study 

(Chapter 4) using electrochemical techniques. Previous investigations indicate that in addition to 

sensing NO, the human sGC also sense CO which activates its GC domain to synthesise cGMP 

(Stones and Marletta, 1994), this is interesting since CO has been shown to perform similar 

functions as NO. This information stimulated the need to further investigate the ability of 

AtNOGC1 to bind CO. The AtNOGC1 protein bioelectrode was able to bind CO as demonstrated 

in chapter 4 through an increase in the reduction peaks with Ipc = 3.75 µA at Epc = -680 mV (vs 

Ag/AgCl). Although its activation by CO to synthesise cGMP is still outstanding, this work has 

demonstrated the involvement of AtNOGC1 in signalling CO, and thus a possible role in plant 

stress response. In addition, CO has been confirmed to be produced by many pathways in plants 

and so far hemoglobin is one of the well-known scavenger of CO (Liu et al., 2010). This study has 

also added new information that since AtNOGC1 is able to bind CO, it might also play a role as a 
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CO scavenger through regulating it in plants to avoid its negative toxic effects, however further 

research is required to support this statement. In addition, plant breeders or engineers who wish to 

increase the production of CO in plants for better stress tolerance have a better chance, since in 

addition to hemoglobin as a scavenger, AtNOGC1 might also serve the same purpose. This study 

has supported future work to investigate the ability of CO to indirectly synthesise cGMP through 

the activation of AtNOGC1. This is important since cGMP is a second messenger that is involved 

in many important physiological and biochemical processes in plants especially increasing plant 

tolerance to abiotic and biotic stresses (Donaldson et al., 2004; Durner et al., 1998). 

Additionally and uniquely our protein based bioelectrode demonstrated the ability of AtNOGC1 

to bind Ca2+, another important and well-studied stress signalling molecule both in animals and in 

plants (Fujita et al., 2006). Britt et al (2015) indicated that molecules that activate and stimulate 

human sGC might have a role in Ca2+ regulation (Britt et al., 2015). But till today there are no clear 

reports indicating the direct involvement of GC’s with Ca2+, except for the ability of cGMP to 

modulate various Ca2+ processes (Bazan-Perkins, 2012; Perez-Zoghbu et al., 2010; Koch and 

Stryer, 1988). Previous study indicated that Ca2+ was able to increase cGMP synthesis however at 

lower concentrations (Mulaudzi T, PhD thesis unpublished data, 2011). The response observed in 

this study upon addition of different [Ca2+] on the AtNOGC1 protein bioelectrode suggests a direct 

interaction and probably regulation of Ca2+ by AtNOGC1. 

AtNOGC1 is a plant sGC which signals NO (Mulaudzi et al., 2011), thus this study supported this 

statement by demonstrating that AtNOGC1 also signals CO and Ca2+. These results suggest that 

AtNOGC1 is involved in many plant physiological processes including growth, development and 

response to abiotic and biotic stresses. 
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Appendices 

Appendix I: Determination of AtNOGC1 protein concentration 

Table 3.1: The absorbance (595 nm) of the standard and unknown samples concentration (µg/mL). Bradford 

assay was conducted by using FLUOstar OPTIMA (BMG LABTECH, Germany, 2010) multi-detection microplate 

reader. 

Standard 

concentration 

(µg/mL) 

Absorbance 

(595 nm) 

0 0.248 

2.5 0.25 

5 0.2535 

10 0.258 

15 0.2615 

25 0.2645 

AtNOGC1 protein 

Diluent factor 

Absorbance 

(595 nm) 

1:50 0.254 

1:1000 0.2535 

 

Equation for the calculation of AtNOGC1 protein concentration   Equation 1 

 1:50 

 𝑦 = 0.0007𝑥 + 0.2494 

 0.254 − 0.2494 = 0.0007𝑥 

 𝑥 = 6.57 (50 diluent factor) 
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 𝑥 = 328.5 

 

 1:1000 

 𝑦 = 0.0007 + 0.2494 

 0.2535 − 0.2494 = 0.0007𝑥 

 𝑥 = 5.86 (1000 diluent factor) 

 𝑥 = 5860 

 

 Average concentration 

 
328.5+5860

2
= 3094.25 𝑢𝑔/𝑚𝐿 

 
3094.25

1000
= 3.1 𝑚𝑔/𝑚𝐿 

 Final concentration = 3.1 𝑚𝑔/𝑚𝐿 

 

Figure 3.3: Standard curve of BSA to determine the AtNOGC1 protein concentration by Bradford assay. The 

standard curve plot shows the linear relationship of the absorbance (595 nm) against the BSA concentration (µg/mL). 

From the linear regression equation the AtNOGC1 protein concentration was calculated to a final concentration of 3.1 

mg/mL. 
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